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NOMENCLATURE
REFERENCES
1 .  SUMMARY
With th e  r e c e n t  e s c a l a t i o n  i n  t h e  c o s t  o f  crude o i l  t h e  a b i l i t y  t o  
produce  low m o lecu la r  w eight  a s h - f r e e  p r o d u c t s  i n  h ig h  y i e l d  from c o a l  
ha s  become i n c r e a s i n g l y  i m p o r t a n t .  An i n v e s t i g a t i o n  h a s . t h e r e f o r e  been  
c a r r i e d  o u t  to  de te rm ine  t h e  p o t e n t i a l  o f  an e x t r a c t i o n  t e c h n i q u e ,  gas  
e x t r a c t i o n ,  w i t h i n  th e  f i e l d  o f  c o a l  p r o c e s s i n g .  The t e c h n iq u e  u t i l i s e s  
a  s u p e r c r i t i c a l  g a s ,  compressed to. a  d e n s i t y  a p p ro ac h in g  t h a t  o f  a  l i g h t  
o rg a n ic  s o l v e n t ,  which,  when c o n t a c t e d  w i th  a  s u b s t r a t e ,  i n c r e a s e s  th e  
vapour  p r e s s u r e  o f  i t s  components and can be u sed  to  e f f e c t  a  f r a c t i o n a t i o n .
Two e x t r a c t i o n  u n i t s ,  a  two l i t r e  c a p a c i t y  u n i t  o p e r a t i n g  up t o  
6000 p . s . i .  and 100°C and a  0*36 l i t r e  c a p a c i t y  u n i t  working up t o  
2000 p . s . i .  and 400°C, have been used  to  d e t e rm in e  e q u i l i b r i u m  gas  phase  
c o n c e n t r a t i o n s  o f  a  number o f  low m o le c u la r  w e igh t  c o a l  d e r i v e d  m a t e r i a l s  
i n  a  s e r i e s  o f  compressed gas  s o l v e n t s .  Gas phase c o n c e n t r a t i o n s  
ap p ro ac h in g  1 C$ w/w  were r e c o rd e d  d u r in g  an e x t r a c t i o n  i n  which 5 0 $  W/w 
o f  a  h ig h  te m p e ra tu r e  coke oven t a r  was e f f e c t i v e l y  d i s t i l l e d  a t  e x t r a c t i o n  
t e m p e r a t u r e s  up t o  100°C i n  an atmosphere o f  compressed e t h y l e n e .  A 
s im ple  r e l a t i o n s h i p  has  been p o s t u l a t e d  between gas phase  c o n c e n t r a t i o n  
and gas  d e n s i t y .
A t h i r d  e x t r a c t i o n  u n i t ,  a  1 0 - l i t r e  c a p a c i t y  s t i r r e d  a u t o c l a v e ,  has  
been used  t o  c o n t a c t  b a t c h e s  o f  c o a l  and depolymer ised  c o a l  m a t e r i a l  w i th  
a  range  o f  s o l v e n t s  a t  a  p r e s s u r e  o f  1500 p s i g  and t e m p e r a t u r e s  i n  exce ss  
of. 250°C. Gas e x t r a c t i o n  o f  t h e r m a l l y  depo lym er ised  c o a l  produced  an  
e x t r a c t  y i e l d  app roac h ing  2CT/o w/w which i s  f a r  i n  ex ce ss  o f  t h e  t a r  y i e l d  
o b t a i n e d  by e x i s t i n g  c a r b o n i s a t i o n  t e c h n i q u e s .
The degree  o f  e x t r a c t i o n  i s  l i m i t e d  by th e  m o lecu la r  w e igh t  o f  th e  
s u b s t r a t e  and i t  was shown t h a t  h i g h e r  y i e l d s ,  up t o  kQP/o W/w ,  o f  
e s s e n t i a l l y  a sh  f r e e  m a t e r i a l  cou ld  be o b ta i n e d  i f  a  more s e v e re  
d e p o l y m e r i s a t io n  r e a c t i o n  was employed.  I n  t h i s  i n v e s t i g a t i o n  
h y d ro g e n a t io n  u s i n g  a  hydrogen donor s o l v e n t ,  t e t r a l i n ,  was u s e d .
I t  was concluded  t h a t ,  a l th o u g h  t h e . t e c h n iq u e  d id  n o t  o f f e r  any 
p a r t i c u l a r  ad van tages  over  o t h e r  f r a c t i o n a t i o n  t e c h n iq u e s  f o r  low 
m o le c u la r  w e igh t  c o a l  m a t e r i a l ,  i t  c e r t a i n l y  p o s s e s s e s  th e  a b i l i t y  t o  
produce low a s h  c o n t e n t  e x t r a c t  w i th o u t  t h e  n e c e s s i t y  f o r  a  f i l t r a t i o n  
s t a g e ,  and i n  c o n j u n c t io n  w i th  a  more pow er fu l  d e p o l y m e r i s a t io n  r e a c t i o n ,  
p o s s i b l y  h y d ro g e n a t io n ,  and improved s o l i d / g a s  c o n t a c t i n g  t h e  e x t r a c t  
y i e l d  cou ld  approach  t h a t  o b t a in e d  by s o l v e n t  e x t r a c t i o n  u s i n g  heavy c o a l  
d e r iv e d  o i l s .
2 .  INTRODUCTION
D i s t i l l a t i o n  and  s o l v e n t  e x t r a c t i o n  a r e  c o m m e r c i a l l y  
i m p o r t a n t  s e p a r a t i o n  t e c h n i q u e s  w h ich  b o t h  i n v o l v e  mass  t r a n s f e r  
f rom one p h a s e  ( l i q u i d  o r  s o l i d )  t o  a n o t h e r  ( g a s  o r  l i q u i d ) .
I n  p r a c t i c e  t h e s e  t e c h n i q u e s  have  i n h e r e n t  d i s a d v a n t a g e s .
D u r in g  d i s t i l l a t i o n  t h e  s u b s t r a t e  m us t  be  h e a t e d  t o  t e m p e r a t u r e s  
w h ich  v a r y  i n v e r s e l y  w i t h  t h e  v o l a t i l i t y  o f  t h e  c o m p o n e n t s  o f  
t h e  m i x t u r e  making  i t  u n s u i t a b l e  f o r  h e a t  l a b i l e  m a t e r i a l s .
S o l v e n t  e x t r a c t i o n  i n v o l v e s  t h e  s u b s e q u e n t  s e p a r a t i o n  o f  t h e  
e x t r a c t  p h a s e  from t h e  s u b s t r a t e  and  t h e n  t h e  e x t r a c t e d  m a t e r i a l  
from th e  e x t r a c t i n g  medium, bo th  p o t e n t i a l l y  d i f f i c u l t  commercial  o p e r a t i o n s .
The p r o c e s s  d e s c r i b e d  a s  ’g a s  e x t r a c t i o n ’ i n  t h i s  t h e s i s  
o f f e r s  p o t e n t i a l  a d v a n t a g e s  o v e r  t h e  above  p r o c e s s e s  a t  t h e  
same t i m e  b e i n g  a n a l o g o u s  t o  b o t h .  Gas e x t r a c t i o n  u t i l i s e s  a  
s u p e r c r i t i c a l  g a s  c o m p r e s s e d  t o  a d e n s i t y  a p p r o a c h i n g  t h a t  o f  
l i g h t  o r g a n i c  s o l v e n t s  w h ic h ,  when c o n t r a c t e d  w i t h  a  s u b s t r a t e ,  
r e s u l t s  i n  a  g a s  p h a s e  c o n c e n t r a t i o n  o f  t h e  c o m p o n e n t s  o f  t h e  
s u b s t r a t e  w h ich  i s  f a r  i n  e x c e s s  o f  t h e  s a t u r a t e d  v a p o u r  p r e s s u r e  
o f  t h e  co m p o n en ts  a t  t h e  same t e m p e r a t u r e  a t  a t m o s p h e r i c  p r e s s u r e .  
Under  c e r t a i n  c o n d i t i o n s  s u f f i c i e n t  i n c r e a s e  i n  v a p o u r  p r e s s u r e  
c a n  be  o b t a i n e d  t o  c a u s e  a f r a c t i o n a t i o n  a t  t e m p e r a t u r e s  
s i g n i f i c a n t l y  l o w e r  t h a n  t h o s e  em ployed  i n  c o n v e n t i o n a l  
d i s t i l l a t i o n .  Steam d i s t i l l a t i o n  and vacuum d i s t i l l a t i o n  a r e  
c o n v e n t io n a l  methods o f  r e d u c in g  th e  te m p e ra tu r e  r e q u i r e d  t o  a c h i e v e  
a  s e p a r a t i o n ,  b u t  th e y  a r e  l e s s  e f f e c t i v e  th a n  gas e x t r a c t i o n  i n  t h i s  
r e s p e c t .
Q u a n t i t a t i v e  m e th o d s  a r e  a v a i l a b l e  f o r  t h e  p r e d i c t i o n  o f  
t h e  g a s  p h a s e  c o n c e n t r a t i o n  o f  a  component  i n  a  b i n a r y  s y s t e m  
i n  t e r m s  o f  t h e  m a g n i f i c a t i o n  o f  th e  s a t u r a t e d  vapour p r e s s u r e  o f  t h e  
component ,  a l t h o u g h  i n  s i m p l e  t e r m s  a  h i g h  p r e s s u r e  g a s  s o l v e n t  
can  be  c o n s i d e r e d  t o  a c t  i n  a  simiUa? way t o  a  c o n v e n t i o n a l  
l i q u i d  s o l v e n t .  As i t  i s  p r o g r e s s i v e l y  c o m p re s s e d  t h e  g a s  
i n c r e a s e s  i n  d e n s i t y ,  b e h a v e s  more l i k e  a  l i q u i d ,  and  c an  
d i s s o l v e  i n c r e a s i n g  am o u n ts  o f  s o l u t e  b e f o r e  a  s a t u r a t i o n  
l i m i t  i s  r e a c h e d .  ,
S u b s t r a t e s  a r e  f r a c t i o n a t e d  b a s i c a l l y  a c c o rd in g  t o  
t h e i r  n a t u r a l  v o l a t i l i t y  a l t h o u g h  c h e m i c a l  a f f i n i t y  b e t w e e n  t h e  
s o l v e n t  and  a  p a r t i c u l a r  component  c a n  have  a  s e c o n d a r y  e f f e c t .  
S e p a r a t i o n  o f  t h e  g a s  p h a s e  from t h e  i n s o l u b l e  m a t e r i a l  i s  
t h e o r e t i c a l l y  a m o r e ' s i m p l e  o p e r a t i o n  t h a n  w i t h  a l i q u i d / s o l i d  
o r  l i q u i d / l i q u i d  s y s t e m  b e c a u s e  o f  t h e  r e l a t i v e l y  low v i s c o s i t y  
o f  t h e  g a s  p h a s e .  S e p a r a t i o n  o f  t h e  v o l a t i l i s e d  o r  d i s s o l v e d  
m a t e r i a l  from t h e  e x t r a c t i n g  g a s  c a n  be s i m p l y  a c h i e v e d  by  
d e p r e s s u r i s a t i o n  t o  y i e l d  a  low d e n s i t y  g a s ,  w h ich  no l o n g e r  
p o s s e s s e s  any  s o l v e n t  p o w e r ,  and  a  p r e c i p i t a t e d  e x t r a c t  p h a s e .
The s o l u t i o n  o f  s u b s t a n c e s  i n  c o m p re s s e d  . g a s e s  i s  a  
phenomenon w hich  i s  e n c o u n t e r e d  i n  n a t u r e .  F o r  i n s t a n c e  i n  
p e t r o l e u m  d e p o s i t s ,  t h e  g a s ,  w h ich  i s  p r e s e n t  a t  h i g h  p r e s s u r e ,  
c o n t a i n s  i n  s o l u t i o n  h i g h  c o n c e n t r a t i o n s  o f  h i g h  b o i l i n g  
h y d r o c a r b o n s .  I n  h i g h  p r e s s u r e  s t e a m  p l a n t  c o m p r e s s e d  w a t e r  
v a p o u r  c a r r i e s  v a r i o u s  s a l t s  i n  s o l u t i o n  f rom t h e  b o i l e r  and  
t h e s e  a r e  d e p o s i t e d  i n  low p r e s s u r e  a r e a s ,  f o r  i n s t a n c e  on t h e
vanes  o f  s team t u r b i n e s ,  t h u s  r e d u c i n g  t u r b i n e  e f f i c i e n c y  and t h e r e f o r e  
t h e  phenomenon can a l s o  prove t ro u b le s o m e .
I n  t h e  USSR th e  s o l v e n t  power o f  compressed s u p e r c r i t i c a l  g a s e s  has  
a l r e a d y  been a p p l i e d ,  on a  s m a l l  s c a l e ,  t o  p r o c e s s e s  which no rm al ly  
u t i l i s e  c o n v e n t io n a l  l i q u i d  s o l v e n t s .  These p r o c e s s e s  i n c l u d e  th e  
d e a s p h a l t i n g  o f  p e t ro leu m ,  t h e  e x t r a c t i o n  o f  l a n o l i n  from wool g r e a s e  
and t h e  e x t r a c t i o n  and p u r i f i c a t i o n  o f  o z o k e r i t e .
The t e c h n iq u e  o f  gas  e x t r a c t i o n  has  n o t  y e t  been  a p p l i e d  to  th e  
f i e l d  o f  c o a l  p r o c e s s i n g  and t h e  o b j e c t  o f  t h i s  programme o f  work 'was  
t o  e v a l u a t e  th e  p o t e n t i a l  o f  such  a  t e c h n iq u e  w i t h i n  th e  c o a l  i n d u s t r y .  
The main o b j e c t i v e s  were f i r s t  t o  de te rm ine  i t s  a b i l i t y  t o  f r a c t i o n a t e  
iow m o lecu la r  w e igh t  c o a l  d e r iv e d  m a t e r i a l  produced  by o t h e r  t e c h n i q u e s
e . g .  h ig h  t e m p e ra tu r e  c a r b o n i s a t i o n ^ a n d  seco n d ly  i t s  a b i l i t y  to  produce  
a s h - f r e e  p ro d u c t s  i n  h ig h  y i e l d  from c o a l ,  a  p r o c e s s  which h a s  become 
more s i g n i f i c a n t  i n  r e c e n t  y e a r s  a s  a  r e s u l t  o f  th e  e s c a l a t i o n  i n  t h e  
c o s t  o f  c rude  o i l .
3 .  LITERATURE REVIEW
A rev iew  o f  l i t e r a t u r e  was c a r r i e d  o u t  i n  o r d e r  t o :
1.  . E s t a b l i s h  th e  t h e o r e t i c a l  b a s i s  o f  the  te c h n iq u e  w i th  th e  o b j e c t
o f  p r e d i c t i n g  th e  b e h a v io u r  o f  sys tems in v o l v i n g  a s u p e r c r i t i c a l  
component .
2.  Determine  t h e  e x t e n t  o f  th e  u se  o f  compressed gases  a s  s o l v e n t s ,  
w i th  p a r t i c u l a r  i n t e r e s t  i n  systems in v o l v i n g  r e l a t i v e l y  h ig h  
m o le c u la r  weigh t  mul t icomponent  s u b s t r a t e s .
3 .  To a s s e s s  the  a l t e r n a t i v e  p r o c e s s i n g  t e c h n iq u e s ,  f o r  example '  
s o l v e n t  e x t r a c t i o n  and d i s t i l l a t i o n ,  which a r e  a t  p r e s e n t  
u t i l i s e d  w i th i n  th e  c o a l  p r o c e s s i n g  i n d u s t r y  or  have been 
i n v e s t i g a t e d  i n  th e  l a b o r a t o r y .  P a r t i c u l a r  i n t e r e s t  was g iven  
to  th e  y i e l d  and com pos i t ion  o f  the  e x t r a c t  o r  t a r  which was 
o b t a in e d  by t h e s e  t e c h n i q u e s .
3 . 1 .  Compressed  G ases  a s  S o l v e n t s
The f a c t  t h a t  c o m p re s s e d  g a s e s  c a n  a c t  a s  s o l v e n t s  h a s  
b e e n  r e a l i s e d  f o r  a l m o s t  100 y e a r s .  I t  was n o t i c e d  d u r i n g  
some e x p e r i m e n t s  by  Hannay and  H o g a r t h ( 1 ) t h a t  when a  
s o l u t i o n  o f  p o t a s s i u m  i o d i d e  i n  a l c o h o l  was h e a t e d  t o  a 
t e m p e r a t u r e  above  t h e  c r i t i c a l  t e m p e r a t u r e  o f  t h e  s o l v e n t  no 
p r e c i p i t a t i o n  o f  t h e  s a l t  o c c u r r e d .  Q u a n t i t a t i v e  d a t a  was 
p r o v i d e d  by T y r e r ( 2  ) and  t h e  p o t e n t i a l  o f  such  s y s t e m s  was 
soon a p p r e c i a t e d .  However ,  u n t i l  h i g h  p r e s s u r e  t e c h n o l o g y  
d e v e l o p e d  d u r i n g  t h e  s e c o n d  q u a r t e r  o f  t h i s  c e n t u r y ,  l i t t l e  
e f f o r t  was d i r e c t e d  t o w a r d s  a p p l y i n g  t h e  t e c h n i q u e  w i t h i n  t h e  
C hem ica l  I n d u s t r y .  R ev iew s  o f  e q u i l i b r i u m  d a t a ,  i n v o l v i n g  
s y s t e m s  w i t h  a t  l e a s t  one s u p e r c r i t i c a l  com ponen t ,  and  t h e  
p o s s i b l e  a p p l i c a t i o n  o f  t h e  t e c h n i q u e  o f  g a s  e x t r a c t i o n  h a v e  
b e e n  made by  Zhuze(  3 ) ?  H a r r i s (  4 )  and  B o o t h ( 5 )•
3 • 1 -1 • T h e o r e t i c a l  C o n s i d e r a t i o n s
The amount o f  a  s u b s t r a t e  ' d i s s o l v e d *  i n  a g a s  a t  low 
p r e s s u r e s  ( ~ 1  a t m . )  c a n  be  q u a n t i t a t i v e l y  d e s c r i b e d  by  D a l t o n '  
law  o f  p a r t i a l  p r e s s u r e s }
The f a i l u r e  o f  t h i s  e q u a t i o n  t o  p r e d i c t  t h e  s o l u b i l i t y  
i n  c o m p re s s e d  g a s e s  h a s  l o n g  b e e n  n o t e d .  . P o y n t i n g ( 6 ) p u t  
f o r w a r d  an  e q u a t i o n  to  p r e d i c t  t h e  s o l u b i l i t y  a t  h i g h e r
But even  t h i s  e q u a t i o n  p r e d i c t s  a  l o w e r  v a l u e  t h a n  
o b t a i n e d  e x p e r i m e n t a l l y .
The r e a s o n  f o r  t h e  i n a d e q u a c y  o f  t h e s e  e q u a t i o n s  i s  t h a t  
none  c o n s i d e r s  t h e  n a t u r e  o f  t h e  g a s  t o  be  r e l e v a n t  t o  t h e  
s o l u b i l i t y  e f f e c t .  T h i s  i s  a  v a l i d  a s s u m p t i o n  a t  low 
p r e s s u r e s  where  i n t e r m o l e c u l a r  f o r c e s  a r e  n e g l i g i b l e  and  t h e  
i d e a l  g a s  l aw  a p p l i e s :
PV = 11RT (3)
The n o n - i d e a l i t y  o f  a  g a s  a t  any  t e m p e r a t u r e -  an d  p r e s s u r e  
can  be d e s c r i b e d  by t h e  c o m p r e s s i b i l i t y  f a c t o r ,  Z, such  t h a t  
t h e  r e a l  e q u a t i o n  o f  s t a t e  becom es :
PV = nZRT ( k )
The c o m p r e s s i b i l i t y  f a c t o r  i t s e l f  may be e x p r e s s e d  i n  
i n v e r s e  p o w ers  o f  s p e c i f i c  vo lum e ,  t h e  e x p r e s s i o n  t h e n  b e i n g
te rm e d  t h e  v i r i a l  e q u a t i o n  o f  s t a t e :
z _ ¥1 _ 1 + ® + JL + JL (5)
RT V V2
Where B, C and  D a r e  t h e  1 s t ,  2nd and 3 r d  v i r i a l  c o e f f i c i e n t s
f o r  t h e  g a s  and a r e  f u n c t i o n s  o f  t e m p e r a t u r e .
Assuming t h a t  e a c h  component  o f  t h e  g a s  p h a s e  o b e y s
t h i s  e q u a t i o n  o f  s t a t e  an d  t h a t  t h e  c h e m i c a l  p o t e n t i a l  o f  t h e
s
s o l i d  i n  t h e  c o n d e n s e d  and  g a s e o u s  ph as es  i s  e q u a l  C h a r l e y ,  
Cook, Ewald  and R o w l in s o n (  7 ) p r o p o s e d  t h e  e q u a t io n
I f  t h e  ad d ed  g a s  i s  assumed t o  be  i d e a l (  8 ) t h i s  e q u a t i o n  
can  be  r e d u c e d  t o :
.  2Bi2 _ 3/2  C112 _ (
ET v  V  y
S i n c e  Pv = RT
and  B^ |  ^ = C^ j ^  = 0
I t  s h o u l d  be n o t e d  t h a t :
i .  The i n i t i a l  t e rm  i n  e q u a t i o n  7 i s  t h e  P o y n t i n g  
' . . t e rm  g i v e n  by t h e  i n t e g r a t e d  form o f  e q u a t i o n  2
i i .  T h i s  e q u a t i o n  i s  b a s e d  on t h e  a s s u m p t i o n  t h a t  a  
s o l i d  s u b s t r a t e  i n  c o n t a c t  w i t h  a c o m p re s s e d  
g a s  c o n t a i n s  a  n e g l i g i b l e  amount o f  d i s s o l v e d  
g a s  and  t h e r e f o r e  t h e  e q u a t i o n  i s  n o t  r e l i a b l e  
f o r  t h e  p r e d i c t i o n  o f  t h e  s o l u b i l i t y  o f  l i q u i d s  
i n  c o m p re s s e d  g a s e s .
In ,
c_
*  e „
i i i .  The e q u a t i o n  c a n  o n l y  be  a p p l i e d  t o  s i m p l e  b i n a r y  
s y s t e m s .
i v .  The e q u a t i o n  i s  l e s s  r e l i a b l e  when a p p l i e d  t o  
s y s t e m s  i n v o l v i n g  p o l a r  g a s e s .  K r i c h e v s k i  and  
K h a rz a n o v a (  9 ) hav e  d e d u c e d  a s e m i - e m p i r i c a l  
e q u a t i o n  f o r  t h e  s o l u b i l i t y  o f  a  p o l a r  s u b s t a n c e  
i n  a n o n - p o l a r  g a s  where  i n t e r a c t i o n s  b e t w e e n  
d i p o l e s  i n  t h e  g a s e o u s  p h a s e  were c o n s i d e r e d .
W i th  r e f e r e n c e  t o  e q u a t i o n  7? e m p i r i c a l  c o r r e l a t i o n s  a r e  
a v a i l a b l e ( 10 ) t o  e s t i m a t e  t h e  v i r i a l  c o e f f i c i e n t s  and  t h i s  
e q u a t i o n ,  i n v o l v i n g  t e r m s  up to  t h e  t h i r d  v i r i a l  c o e f f i c i e n t ,  
g i v e s  r e a s o n a b l e  a g r e e m e n t  w i t h  e x p e r i m e n t a l  d a t a .  A p a p e r  
has  b e e n  p u b l i s h e d (  11) on t h e  e s t i m a t i o n  o f  h i g h e r  c o e f f i c i e n t s  
and  t h e  i n c l u s i o n  o f  t h e s e  h i g h e r  v a l u e s  a l l o w s  more a c c u r a t e  
p r e d i c t i o n  o f  t h e  b e h a v i o u r  o f  s y s t e m s ,  e s p e c i a l l y  a t  v e r y  h i g h  
p r e s s u r e s .
By n e g l e c t i n g  t e r m s  h i g h e r  t h a n  i *1 e q u a t i o n  7 t h e
g e n e r a l  c o n d i t i o n s  r e q u i r e d  t o  a c h i e v e  h i g h  g a s  p h a s e  
c o n c e n t r a t i o n s  c an  be n o t e d  s i n c e :
(8)
Under a l m o s t  a l l  c o n d i t i o n s  B ^  n e g a t i v e  and
t h e r e f o r e  f o r  a . l a r g e  g a s  e x t r a c t i o n  e f f e c t ;
s h o u l d  be  a s  l a r g e  a s  p o s s i b l e  i n  m a g n i t u d e ;  
t h e  P r a u s n i t z  c o r r e l a t i o n (10 ) s t a t e s  t h a t :
B12 = e (T R , w1 2 ) (9)
w here  = ^1°  + ^ 2 °
2W12 = W1 + W2
lR “ * A 2
C  C C  ”
= K (T^ ^  ^2 ’ w-i e r e  ^  i s  a s sum ed
t o  be  u n i t y .
W = a c e n t r i c  f a c t o r  o f  p u r e  c o m p o n en t ,  
t a b u l a t e d  v a l u e s  a r e  a v a i l a b l e ( 9 2 ) .
Q
V. = c r i t i c a l  m o l a r  vo lum es  o f  p u r e '
component  1 .
Q
= c r i t i c a l  t e m p e r a t u r e  o f  p u r e  
component  1 .
F i g u r e  1 shows t h e  r e l a t i o n s h i p  b e t w e e n  0 and  Tr  
a t  d i f f e r e n t  v a l u e s  o f  Wj2 * ^ o r  -^a r S e v a l u e s  o f
■p
B^2 ? © s h o u l d  be l a r g e  and  T t h e r e f o r e  s h o u l d  be
a s  low a s  p o s s i b l e ;  t h u s  r e d u c i n g  t h e  e x t r a c t i o n
t e m p e r a t u r e  t o w a r d s  t h e  c r i t i c a l  t e m p e r a t u r e
i n c r e a s e s  t h e  v a l u e  o f  c2 /  o .  However i t  shou ld  be
/ ° 2
n o t e d  t h a t  s i n c e  c^0 i s  t e m p e r a t u r e  d e p e n d a n t  r e d u c i n g  
th e  t e m p e ra tu re  r ed u ce s  and t h e r e f o r e  the .  e x t r a c t i o n
te m p e ra tu r e  must be a  compromise between t h e s e  two oppos ing  
e f f e c t s .
o©
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FIG. I VARIATION OF ©
WITH
REDUCED TEMPERATURE
i i .  vs  s h o u l d  be  a s  l a r g e  a s  p o s s i b l e ;  s i n c e  t h i s
i s  mere ly  a  f u n c t i o n  o f  t h e  n a t u r e  o f  t h e  s o l u t e ,
e x t r a c t i o n  c o n d i t i o n s  hav e  no e f f e c t  on t h i s  
v a l u e .
i i i .  v. s h o u l d  be  s m a l l ;  t h i s  v a l u e ' i s  a  f u n c t i o n  o f  
b o t h  t e m p e r a t u r e  and  p r e s s u r e  and  f o r  maximum 
e f f e c t  t h e  t e m p e r a t u r e  s h o u l d  be a s  low  a s  
p o s s i b l e  which r e i n f o r c e s  the  a c t i o n  o f  
t e m p e r a t u r e  on B ^ .  At c o n s t a n t  t e m p e r a t u r e  t h e  
m o l a r  volume c a n  e a s i l y  be  a d j u s t e d  by v a r i a t i o n  
i n  t h e  p r e s s u r e  o f  t h e  s y s t e m  and t h i s  i l l u s t r a t e s  
how t h e  s o l v e n t  power  o f  a. g a s  c a n  be  a d j u s t e d  by
t h e  p r e s s u r e  o f  t h e  s y s t e m .
The a n a l o g y  b e t w e e n  g a s  e x t r a c t i o n  and d i s t i l l a t i o n  was 
made b r i e f l y  i n  S e c t i o n  2, and  i t  i s  e v i d e n t  t h a t  p r e d i c t i o n  o f  
e q u i l i b r i u m  c o n s t a n t s  i s  a n o t h e r  way o f  d e f i n i n g  t h e  
b e h a v i o u r  o f  h i g h  p r e s s u r e  m u l t i c o m p o n e n t  s y s t e m s .  F o r  any  
component  o f  a  l i q u i d / v a p o u r  s y s t e m  i n  e q u i l i b r i u m  R a o u l t ' s  
Law s t a t e s  t h a t :
pi = P±x ± ( 10)
w here  p ^  = v a p o u r  p r e s s u r e  o f  p u r e  c o m p o n en t .
x^  =' mole  f r a c t i o n  o f  component i  i n  l i q u i d  p h a s e .
T h i s  may be com bined  w i t h  e q u a t i o n  1 t o  g i v e  t h e  i d e a l  
e q u i l i b r i u m  c o n s t a n t :
As s t a t e d  p r e v i o u s l y ,  g a s  m i x t u r e s  o n l y  b e h a v e  i d e a l l y  
u n d e r  c o n d i t i o n s  f a r  removed  from t h e  c r i t i c a l  s t a t e  and  
v e r y  few l i q u i d  m i x t u r e s  form i d e a l  s o l u t i o n s  e x c e p t ,  p o s s i b l y ,  
h y d r o c a r b o n s  o f  s i m i l a r  c h e m i c a l  t y p e .  I n  o r d e r  t o  c o m p e n s a t e  
f o r  d e v i a t i o n s  from i d e a l  lav/s ,  p u r e  component  f u g a c i t i e s  a r e  
i n t r o d u c e d  w h ich  t a k e  t h e  p l a c e  o f  th e  p r e s s u r e  o f  a  
p e r f e c t  g a s .  D e v i a t i o n s  f rom i d e a l  s p l u t i o n s  may be  a c c o u n t e d  
f o r  by i n t r o d u c t i o n  o f  a c t i v i t y  c o e f f i c i e n t s  i n  equa t ionClO  ) .  
T hus ,  f o r  t h e  v a p o u r  p h a s e :
F o r  t h e  l i q u i d  p h a s e :
f . L = & , L f . L x .  ( 13)
A r e q u i r e m e n t  o f  p h a s e  e q u i l i b r i a  i s  t h a t :
f /  = f l  (14)
& . V f . V y.  = 6' , L f . L ( 15)
and  h e n c e  K. = /  = & . f  I  ( 16 )1 / X . 1 1/  1
t f . v f . v1 1
F o r  i d e a l  s o l u t i o n s  t h e  v a p o u r  an d  l i q u i d  p h a s e  a c t i v i t y  
c o e f f i c i e n t s  a r e  u n i t y  and th e  i d e a l  e q u i l i b r i u m  c o n s t a n t  K^0 i s
K .°  = f - L /  (17)i  i  /  „ v
g i v e n  b y :
" A
H a r r i s ( 3  )> V a l t e r i s ( l 2  ) and  Wood(13) hav e  r e v i e w e d  t h e  
m e th o d s  a v a i l a b l e  f o r  p r e d i c t i o n  o f  l i q u i d  and  v a p o u r  p h a s e  
f u g a c i t i e s  and  a c t i v i t y  c o e f f i c i e n t s .
I n  o r d e r  t o  c a l c u l a t e  K^° t h e  f u g a c i t i e s  o f  t h e  p u r e  
c o m ponen ts  mus t  be  d e t e r m i n e d  and  i n  o r d e r  t o  a c c o m p l i s h  t h i s  
t h e  P . V . T .  d a t a  f o r  t h e  s y s t e m  i s  r e q u i r e d  s i n c e  f u g a c i t y  i s  
r e l a t e d  to  t h e s e  p r o p e r t i e s  by:
r oo
In.f - —
RT (P -  ^ ) d V  -  + EE ^ 1 (18)v RT RT
V
The P ,  V, T d a t a  c a n  be e x p r e s s e d  by a  number o f  e q u a t i o n s ,
e . g .
i .  Van d e r  W aa ls  
i i .  R e d l i c h  Kwong
i i i .  B e n e d i c t  Webb' and  R ub in
i v .  V i r i a l  e q u a t i o n .
Each e q u a t i o n  p r e d i c t s  t h e  b e h a v i o u r  o f  a  r e a l  s y s t e m  and.  
f o r  example  t h e  R e d l ich -K w ong  e q u a t i o n ^  | c an  be  com bined  w i t h  
e q u a t i o n  18 t o  d e t e r m i n e  t h e  v a l u e  o f  t h e  f u g a c i t y 5
RT a
P = (V -  b )  “ T°*5  v (V + b )
w h e r e  a  & b a r e  c o n s t a n t s  u n i q u e  t o  a  g i v e n  com p o n en t .
The v a l u e s  o f  a  & b can  be  f o u n d  by  u s i n g  t h e  c o r r e s p o n d i n g  
s t a t e s  c o r r e l a t i o n  a t  t h e  c r i t i c a l  p o i n t ,  w h e re :
V d T  = ° ' (20)
and d2p/V  = 0 (21h
■ . \
I n  o r d e r  t o  p r e d i c t  t h e  b e h a v i o u r  o f  a  b i n a r y  s y s t e m  t h e  
v a l u e s  o f  a  and  b a r e  r e q u i r e d  f o r  t h e  m i x t u r e  and  t h e  f o l l o w i n g  
m i x in g  r u l e s  can  be a p p l i e d :
w here  a 'j2 ’ b 12 m ix t u r e
a^, a p p l y  t o  p u r e  c o m p o n e n t s .
<9^ 2  i s  f ound  by f i t t i n g  p r e d i c t e d  d a t a  t o  one e x p e r i m e n t a l  
p o i n t . £  1 2 ^  0 f o r  s i m i l a r  h y d r o c a r b o n  m i x t u r e s .
I t  i s  p o s s i b l e  t o  make p r e d i c t i o n s  f o r  t e r n a r y  s y s t e m s  by  
a p p l y i n g  m i x i n g  r u l e s  t o  a l l  t h r e e  com ponen ts  by  m e r e l y  
c o n s i d e r i n g  i n t e r a c t i o n s  b e t w e e n  p a i r s  o f  m o l e c u l e s .
2 2 2 i . e .  a  = x,j a^ + x^  a 2 + x^  x^  + 2x^ a ^  + 2X  ^ x^  a ^
+ 2x 2 a2^
P r a u s n i t z  (IO) h a s  com pared  t h e  u s e  o f  s e v e r a l  m e th o d s  o f  
p r e d i c t i o n  f o r  t h e  s y s t e m  N a p h t h a l e n e / E t h y l e n e  a t  35°C,  t h e  
e x p e r i m e n t a l  d a t a  b e i n g  t h a t  o f  D ie p e n  8c S c h e f  f  e r ( 1^-) . He 
shows t h a t  u s e  o f  t h e  i d e a l  g a s  l a w  c a n  be i n  e r r o r  by  a f a c t o r
4i n  e x c e s s  o f  10 . The R ed l ich -K w o n g  e q u a t i o n  g i v e s  t h e  c o r r e c t  
t r e n d  b u t  i s  s t i l l  i n  e r r o r  by a  f a c t o r  o f  a p p r o x i m a t e l y  f o u r ;  
th e  v i r i a l  e q u a t io n  o f  s t a t e  p r o v i d e s  a  v e ry  a c c u r a t e  
p r e d i c t i o n , o n l y  becom ing  s u s p e c t  a t  v e r y  h i g h  p r e s s u r e s .
R ow l in son (15  ) ( 1 6 )  h a s  d e s c r i b e d  t h e  3 d i m e n s i o n a l  P - T - x
d ia g ra m  f o r  a  two component  - s y s t e m ,  t h i s  t h i s  may be b roken  down 
i n t o  a s e r i e s  o f  P -  x d i a g r a m s  a t  v a r i o u s  t e m p e r a t u r e s  ( F i g u r e  2 ) .
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T hese  d i a g r a m s  i l l u s t r a t e  t h e  v a r i a t i o n s  i n  t h e  n a t u r e  o f  t h e
p r e s s u r e - c o m p o s i t i o n  r e l a t i o n s h i p  a c c o r d i n g  t o  t h e  r e l a t i v e  
M Cv a l u e s  o f  T, T and  t f o r  t h e  two c o m p o n e n t s .  I t  c an  be s e e n  
t h a t  f o r  s y s t e m  t e m p e r a t u r e s  above  t h e  c r i t i c a l  t e m p e r a t u r e  o f  
one component  t h e r e  a r e  two p a t t e r n s  o f  b e h a v i o u r .  The s y s t e m  
E t h y l e n e / B e n z e n e  a t  25°C i s  an  exam ple  o f  t y p e  2d i n  F i g u r e  2 ,
w h i l s t  t h e  s y s t e m  E t h y l e n e / N a p h t h a l e n e  a t  25°C i s  an  exam ple  o f
t y p e  2 f .  As t h e  t e m p e r a t u r e  i s  i n c r e a s e d  from T,_ t o  T^ t h e  two
p h a s e  l o o p  d i s a p p e a r s  g i v i n g  a  s i m p l e  f l u i d / s o l i d  e q u i l i b r i u m
th e  d o t t e d  l i n e  r e p r e s e n t s  b eh av io u r  p r e d i c t e d  by. D a l t o n ’ s
Law. I t  c an  be s e e n  t h a t  f i g u r e s  2 e and  2 f  r e p r e s e n t  t h e  more 
c o m p l i c a t e d  b e h a v i o u r  and  t h i s  i s  d i s c u s s e d  by  D ie p e n  and  
S c h e f  f  e r  0 ^  ) .
As i n  t h e  c a s e  o f  d i s t i l l a t i o n , t h e  s h a p e  o f  t h e  two p h a s e
l o o p ,  o r  i n  t h e  c a s e  o f  2 f  t h e  s o l i d ^ l u i d  e q u i l i b r i u m  c u r v e ,
w i l l  d e t e r m i n e  t h e  d e g r e e  o f  s e p a r a t i o n  a c h i e v e d  u n d e r  g i v e n
c o n d i t i o n s  o f  t e m p e r a t u r e ,  p r e s s u r e  an d  c o m p o s i t i o n .  I n  some
c a s e s  t h e  d i s t o r t e d  s h a p e  o f  t h e s e  l o o p s ,  i n  c i r c u m s t a n c e s  w h e re
a  h i g h  d e g r e e  o f  n o n - i d e a l i t y  e x i s t s ,  c an  l e a d  t o  a  v e r y  f a v o u r a b l e
s i n g l e  s t a g e  s e p a r a t i o n  o f  two c o m p o n e n t s .
Todd and  E l g i n ( 1 7 )  h a v e  f u r t h e r  d e f i n e d  t h e  p o s s i b l e  d i f f e r e n t
b e h a v i o u r s  o f  s y s t e m  2c and  th e s e  a r e  i l l u s t r a t e d  i n  F ig u re  2 (g )  and (h)
With p o o r  l i q u i d  m i s c i b i l i t y  t h e  p r e s e n c e  o f  t h e  h e a v i e r  com ponen t
i n  t h e  v a p o u r  even  i n  s m a l l  am oun ts  c a n  g r e a t l y  i n c r e a s e  t h e
c r i t i c a l  p r e s s u r e  o f  t h e  s y s t e m  c a u s i n g  an  ' o p e n  l o o p '  s y s t e m  (2g ) .
I f  t h e  co m p o n en ts  o f  a  s y s t e m  have  v e r y  d i s s i m i l a r  p r o p e r t i e s ,  
p a r t i a l  i m m i s c i b i l i t y  may d e v e l o p  i n  t h e  c r i t i c a l  r e g i o n  (2h ) .
3 . 1 .  2. S y s tem s  I n v e s t i g a t e d
A v a s t  amount o f  b i n a r y  e q u i l i b r i u m  d a t a  i s  a v a i l a b l e ,  and  
r e v i e w s  o f  l i t e r a t u r e  h a v e  a l r e a d y  b e e n  made by s e v e r a l  w o r k e r s  
such  a s  Zhuze(  3 ) and  V a l t e r i s ( 1 2 ) .  The d a t a  may be d i v i d e d  
i n t o  g a s / s o l i d  and  g a s / l i q u i d  s y s t e m s .  -
The r e s u l t s  o b t a i n e d  f o r  t h e  g a s / s o l i d  s y s t e m s  i n v e s t i g a t e d  
i l l u s t r a t e  t h e  e f f e c t s  c a u s e d  by v a r i a t i o n  o f  t e m p e r a t u r e  a n d  
p r e s s u r e  w h ich  were  p r e d i c t e d  by c o n s i d e r a t i o n  o f  e q u a t i o n  8 . 
W e b s t e r ( l 8 ) p r o d u c e d  d a t a  on t h e  s y s t e m  A i r / C a r b o n  d i o x i d e  t h u s  
show ing  t h a t  t h e  s o l v e n t  power  o f  g a s e s  i s  n o t  uncommon. 
E i s e n b e i s s ( 1 9 ) i n v e s t i g a t e d  t h e  s o l u b i l i t y  o f  p h e n a n t h r e n e  i n  
a  number o f  g a s e s  w i t h  w i d e l y  d i f f e r e n t  c r i t i c a l  t e m p e r a t u r e s  f rom 
n i t r o g e n  (126°K) t o  e t h a n e  (303°K) a t  c o n s t a n t  p r e s s u r e  and  
t e m p e r a t u r e .  The r e s u l t s  showed t h a t  t h e  g a s  p h a s e  c o n c e n t r a t i o n  
o f  p h e n a n t h r e n e  i n c r e a s e d  m a r k e d l y  a s  t h e  c r i t i c a l  t e m p e r a t u r e  . 
o f  t h e  c o m p re s s e d  g a s  a p p r o a c h e d  t h e  e x t r a c t i o n  t e m p e r a t u r e .
An e x t e n s i v e  i n v e s t i g a t i o n  o f  t h e  s y s t e m  N a p h t h a l e n e / E t h y l e n e  
was p e r f o r m e d  by D ie p e n  an d  S c h e f  f e r  (1^-).  T h i s  s y s t e m  i s  w i d e l y ,  
q u o t e d  a s  a  r e m a r k a b l e  example  o f  t h e  s o l v e n t  power  o f  some 
g a s e s ,  s i n c e  u n d e r  c e r t a i n  c i r c u m s t a n c e s  t h e  n o r m a l  v a p o u r
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p r e s s u r e  o f  n a p h t h a l e n e  i s  m a g n i f i e d  by a f a c t o r  o f  2 6 x 10 . 
T s e k h a n s k a y a  worked  on t h e  same s y s t e m ,  p l o t t e d  l o g .  g a s  p h a s e  
c o n c e n t r a t i o n  o f  n a p h t h a l e n e  v e r s u s  t h e  r e c i p r o c a l  o f  m o l a r  
volume o f  t h e  m i x t u r e  and  fo u n d  t h e  p l o t  t o  be l i n e a r  a t  low  
p r e s s u r e s  a s  p r e d i c t e d  by e q u a t i o n  ( 8 ).
An e x t e n s i v e  l i t e r a t u r e  i s  a v a i l a b l e  on g a s / l i q u i d  s y s t e m s ,  
e s p e c i a l l y  h y d r o c a r b o n  s y s t e m s ,  p r e s u m a b l y  b e c a u s e  o f  t h e  p o s s i b l e
a p p l i c a t i o n  o f  t h i s  t e c h n i q u e  i n  t h e  o i l  i n d u s t r y .  I n v e s t i g a t i o n s  
c o v e r  a  r a n g e  o f  s o l v e n t s  from m e th a n e  to  b o t h  s a t u r a t e d  and  
u n s a t u r a t e d  h y d r o c a r b o n s  and  s u b s t r a t e s  from e t h a n e  to
p h e n a n t h r e n e . '  Zhuze and  Y u s h k e v i t c h ( 3  ) hav e  s t u d i e d  a  w ide  
r a n g e  o f  d a t a  on su c h  s y s t e m s  and  h a v e  made some i n t e r e s t i n g  
o b s e r v a t i o n s .  F or  i n s t a n c e >i t  was n o t e d  t h a t  t h e  s o l v e n t  pow er  
o f  c o m p re s s e d  h y d r o c a r b o n s  i n c r e a s e s  i n  t h e  o r d e r  m e th a n e ,  e t h a n e ,  
p r o p a n e  and t h e  o r d e r  e t h y l e n e ,  p r o p y l e n e ,  b u t y l e n e .  F u r t h e r ,  
when t h e  m o l e c u l a r  w e i g h t  o f  t h e  h y d r o c a r b o n  s u b s t r a t e  i s  
i n c r e a s e d  a t  c o n s t a n t  t e m p e r a t u r e  and  p r e s s u r e ,  i t s  s o l u b i l i t y  
i n  t h e  g a s  d e c r e a s e s ,  and  g e n e r a l l y  t h e  s o l u b i l i t y  o f  a r o m a t i c  
h y d r o c a r b o n s  i n  m e th a n e  i s  l o w e r  t h a n  t h e  s o l u b i l i t y  o f  n o r m a l  
p a r a f f i n  h y d r o c a r b o n s  w i t h  t h e  same number o f  c a r b o n  a t o m s .  
S u b s t a n t i a l l y  l e s s  i n f o r m a t i o n  i s  a v a i l a b l e  on t h e  b e h a v i o u r  
o f  t e r n a r y  and  q u a t e r n a r y  s y s t e m s .  V a l t e r i s ( l 2 )  an d  Wood(l3 ) 
have  c a r r i e d  o u t  work on t h e  d e t e r m i n a t i o n  o f  h i g h  p r e s s u r e  
e q u i l i b r i u m  r a t i o s  f o r  s y s t e m s  w h ich  w ere  c h o s e n  a s  model  c o a l  
t a r  s y s t e m s .  Zhuze n o t e d  t h a t  t h e  p r e s e n c e  o f  a  component  w i t h  
an  i n t e r m e d i a t e  m o l e c u l a r  w e i g h t  i n c r e a s e s  t h e  s o l u b i l i t y  i n  a  
g a s  o f  t h e  component  o f  a  s y s t e m  w i t h  a h i g h e r  m o l e c u l a r  w e i g h t .
Zhuze and  Y u s h k e v i t c h (20)  u n d e r t o o k  a  m a j o r  i n v e s t i g a t i o n
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w i t h  a v ie w  t o  d e f i n i n g  a c r u d e  o i l  s e p a r a t i o n  p r o c e s s  u s i n g  
p u r e  g a s e s  o r  g a s  m i x t u r e s .  They d e t e r m i n e d  t h e  d e p e n d a n c e  
o f  s o l u b i l i t y  on t h e  n a t u r e  o f  t h e  o i l  and g a s  and  t h e  
t e m p e r a t u r e  and  p r e s s u r e  o f  t h e  s y s t e m .  They s t u d i e d  s y s t e m s  
i n v o l v i n g  s i x  p e t r o l e u m  t y p e s  and g a s e s  i n c l u d i n g  m e th a n e ,  
c a r b o n  d i o x i d e  and  p r e p a r e d  m i x t u r e s  o f  s a t u r a t e d  and  u n s a t u r a t e d
h y d r o c a r b o n s .  They c o n c l u d e d  t h a t  p e t r o l e u m  s o l u b i l i t y  
i n c r e a s e s  w i t h  t e m p e r a t u r e  and  p r e s s u r e ,  b u t  i s  more d e p e n d a n t  
on t h e  l a t t e r ,  a n d  t h a t  h i g h e r  h y d r o c a r b o n  g a s e s  a r e  b e t t e r  
s o l v e n t s .
Wood(l3 ) h a s  c a r r i e d  o u t  some m i n o r  i n v e s t i g a t i o n s  on t h e  
e x t r a c t i o n  o f  c o a l  and  c o a l  t a r  w i t h  e t h y l e n e  a t  75°C and 
a p p r o x i m a t e l y  200 a tm .  E x t r a c t i o n s  o f  c o a l  w ere  v e r y  low 
( 2 - 5 % )  and  t h e  p r e s e n c e  o f  c o a l  m o i s t u r e  made t h e  r e s u l t s  
i n c o n c l u s i v e .  A s m a l l  number o f  e x t r a c t i o n s  oh t h e  c o a l  t a r /  
e t h y l e n e  s y s t e m  showed t h a t  f r a c t i o n a t i o n  o f  t h e  t a r  was 
p o s s i b l e  i n t o  l i g h t  and h e a v y  c o m p o n e n t s .
3 . I . 3 . E x p e r i m e n t a l  T e c h n i q u e s  f o r  D e t e r m i n a t i o n  o f  
S o l u b i l i t y  i n  Com pressed  G a s e s
A d e t a i l e d  a n a l y s i s  o f  t h e  mos t  u s e f u l  m e th o d s  o f  
d e t e r m i n i n g  t h e  s o l u b i l i t y  o f  s u b s t r a t e s  i n  g a s e s  u n d e r  
p r e s s u r e  i s  g i v e n  by T s i k l i s ( 2 1 ) .
I n  a s i m i l a r  m anner  t o  t h e  d e t e r m i n a t i o n  o f  t h e  s a t u r a t e d  
vapou-r p r e s s u r e  o f  s u b s t r a t e s ,  t h e  i n i t i a l  c o n d i t i o n  i s  t h a t  t h e  
two p h a s e s  s h o u l d  be c o n t a c t e d  and  m ixed  i n t i m a t e l y  u n t i l  
e q u i l i b r i u m  b e tw e e n  t h e  p h a s e s  i s  a c h i e v e d .  T h i s  c a n  be  c a r r i e d  
o u t  i n  a  ' s t a t i c '  o r  ' d y n a m i c '  s y s t e m ;  i n  a  s t a t i c  s y s t e m  t h e  
p h a s e s  a r e  c o n t a c t e d  i n  a c l o s e d  s y s t e m  and  when e q u i l i b r i u m  i s  
a t t a i n e d  t h e  c o m p o s i t i o n  o f  t h e  p h a s e s  may be d e t e r m i n e d  i n  s i t u  
o r  by r e m o v a l  o f  a  s am p le  o f  eac h  p h a s e  u n d e r  i s o b a r i c  and  
i s o t h e r m a l  c o n d i t i o n s .  Dynamic d e t e r m i n a t i o n s  a r e  made by
c o n t i n u o u s l y  p a s s i n g  g a s  o v e r  t h e  s u b s t r a t e  a t  a  low enough 
r a t e  t o  a l l o w  e q u i l i b r i u m  to  be a c h i e v e d .  T h i s  s y s t e m  i s  
p a r t i c u l a r l y  u s e f u l  when low g a s  p h a s e  c o n c e n t r a t i o n s  a r e  
i n v o l v e d .
C o n t a c t i n g  o f  t h e  p h a s e s  can  be a c h i e v e d  by b u b b l i n g  
t h e  g a s  t h r o u g h  t h e  l i q u i d  s u b s t r a t e  b u t  i n  t h e  c a s e  o f  
g a s / s o l i d  s y s t e m s ,  s t i r r i n g  o r  s h a k i n g  t h e  c o n t a c t i n g  v e s s e l  
i s  more e f f e c t i v e .  D e t e r m i n a t i o n  o f  t h e  c o m p o s i t i o n  o f  t h e  
p h a s e s  a g a i n  d e p e n d s  on t h e  t y p e  o f  s y s t e m  b e i n g  i n v e s t i g a t e d  
F or  e x a m p le ; w i t h  b i n a r y  s y s t e m s  t h e  h e a v y  component  may be 
p r e c i p i t a t e d  by r e d u c i n g  t h e  p r e s s u r e  and t h e  h e a v y  and  l i g h t  
component  ( g a s )  may be  m e a s u r e d  s e p a r a t e l y .  However,  i n  more 
complex  s y s t e m s  t h e  c o m p o s i t i o n  o f  r e s u l t i n g  l i q u i d  p h a s e s  
m us t  be d e t e r m i n e d  by o t h e r  m e th o d s ,  p o s s i b l y  r e f r a c t i v e  
i n d e x  m e a s u r e m e n t s .
The e q u ip m en t  u s e d  f o r  t h e  d e t e r m i n a t i o n  o f  p h a s e  
e q u i l i b r i a  w i l l  v a r y  w i t h  t h e  a im s  o f  t h e  i n v e s t i g a t i o n s . ,
F or  i n s t a n c e  i n  o r d e r  t o  p r o d u c e  d a t a  t o  c h e c k  t h e o r e t i c a l  
e q u a t i o n s  t h e  d e g r e e  o f  a c c u r a c y  mus t  be  e x t r e m e l y  h i g h  
w h e r e a s  when c a r r y i n g  o u t  e x p e r i m e n t s  t o  examine  t h e  g e n e r a l  
b e h a v i o u r  o f  d i f f e r e n t  s y s t e m s  t h e  l i m i t s  o f  e r r o r  a r e  w i d e r  
and  t h e  eq u ip m e n t  may be l e s s  s o p h i s t i c a t e d .
3 • 1 • ^ • P r a c t i c a l  Uses  o f  t h e  C om pressed  Gas E x t r a c t i o n  
T e c h n iq u e
I t  can  be s e e n  from t h e  l i t e r a t u r e  a l r e a d y  r e v i e w e d  t h a t  
g a s  e x t r a c t i o n  can  be u s e d  t o  s e p a r a t e  t h e  co m p o n e n t s  o f  a
m i x t u r e  i n  a c c o r d a n c e  w i t h  t h e i r  r e l a t i v e  v o l a t i l i t i e s  i n  an  
a t m o s p h e r e  o f  c o m p re s s e d  g a s .  By t h e  same p r i n c i p l e ,  v o l a t i l e  
compounds can  be s e p a r a t e d  from n o n - v o l a t i l e  compounds  such  
a s  i n o r g a n i c  c o n t a m i n a n t s .
The a d v a n t a g e  t h a t  g a s  e x t r a c t i o n  h a s  o v e r  c o n v e n t i o n a l
d i s t i l l a t i o n  i s  t h a t  t h e  v o l a t i l i t y  p f  t h e  s u b s t r a t e  i s  a l m o s t
! ■ -
e n t i r e l y  p r e s s u r e  d e p e n d a n t  and c o n s e q u e n t l y  s e p a r a t i o n s  c a n  
be  a c h i e v e d  a t  s i g n i f i c a n t l y  l o w e r  t e m p e r a t u r e s .
The a d v a n t a g e s  o v e r  c o n v e n t i o n a l  s o l v e n t  e x t r a c t i o n  a r e  
t h a t  s e p a r a t i o n  o f  g a s  s o l u t i o n  f rom i n o r g a n i c  c o n t a m i n a n t s  
i s  a c h i e v e d  w i t h o u t  a  f i l t r a t i o n  s t a g e  a s  r e q u i r e d  i n  l i q u i d  
phas.e s o l v e n t  e x t r a c t i o n ^ a n d  s e p a r a t i o n  o f  t h e  g a s  p h a s e  i n t o  
e x t r a c t  and ' s o l v e n t '  i s  a c h i e v e d  by  s i m p l e  d e c o m p r e s s i o n .
The a p p l i c a t i o n  o f  t h i s  t e c h n i q u e  to  a p i l o t  p l a n t  s c a l e  
o p e r a t i o n  was u n d e r t a k e n  by  Z h u z e (22 )  (23 ) on t h e  o i l - g a s  
s y s t e m  m e n t i o n e d  i n  3 » 1 v3/* The aim o f  t h i s  p l a n t  was t o  
p r o v i d e  a  more economic  m e thod  o f  d e a s p h a l t i n g  o i l  s i n c e  t h e  
c o s t  o f  r e c o v e r y  o f  s o l v e n t  on t h e  c o n v e n t i o n a l  l i q u i d  
e x t r a c t i o n ,  p r o p a n e  d e a s p h a l t i n g  p l a n t  was e x t r e m e l y  h igho
• The new p r o c e s s  c o n s i s t e d  o f  m i x i n g  a c o m m e r c i a l  p r o p a n e -  
p r o p y l e n e  f r a c t i o n  a t  100°C and 100 a t m o s p h e r e s  w i t h  t h e  o i l  
f e e d s t o c k  i n  t h e  r a t i o  2 - 3  ' 1. The m i x t u r e  was t h e n  p a s s e d  
t o  a n o t h e r  v e s s e l  w here  t h e  s o l u t i o n  o f  o i l  i n  c o m p r e s s e d  g a s  
was s e p a r a t e d  from t h e  i n s o l u b l e  a s p h a l t i c  t a r s .  The g a s  
s o l u t i o n  was t h e n  i s o t h e r m a l l y  d e c o m p r e s s e d  t h r o u g h  a t h r o t t l i n g  
v a l v e  t o  ^0 a t m o s p h e r e s  and  t h e  s o l u b l e  m a t e r i a l  was p r e c i p i t a t e d
The a d v a n t a g e s  o f  t h i s  me thod  were  q u o t e d  a s  b e i n g :
( a )  The o v e r a l l  r e c o v e r i e s  v/ere h i g h  com pared  w i t h  
l i q u i d  s o l v e n t  e x t r a c t i o n  and  vacuum d i s t i l l a t i o n  
p r o c e s s e s .
( b )  L o s s  o f  s o l v e n t  i n  p r o d u c t  and  r e s i d u e  were  v e r y  
s m a l l , a n d  t h e r e f o r e  o n l y  s m a l l  am oun ts  o f  make-up  
g a s  were  r e q u i r e d  d u r i n g  c o n t i n u o u s  o p e r a t i o n .
-■(c) The c o m p r e s s i o n  r a t i o  f o r  r e c y c l e  g a s  was  low
( 2 . 5 ) s i n c e  t o t a l  d e c o m p r e s s i o n  was n o t  n e c e s s a r y .
The same s o l v e n t  and  e s s e n t i a l l y  t h e  same e q u ip m e n t  w e re  
a p p l i e d  t o  .the e x t r a c t i o n  o f  o z o k e r i t e  ( h i g h  m e l t i n g  p o i n t  
p a r a f f i n s  p l u s  n a p h t h e n i c  and a r o m a t i c  h y d r o c a r b o n s )  f rom o r e .  
The c o n v e n t i o n a l  i n d u s t r i a l  p r o c e s s  u s i n g  l i q u i d  b e n z o l e  a s  
s o l v e n t  was q u o t e d  a s  b e i n g  u n s a t i s f a c t o r y ^ s i n c e  a p o o r  
s e p a r a t i o n  was a c h i e v e d  an d  t h e r e  were  h i g h  l o s s e s  o f  s o l v e n t .  
D i s t i n c t  im p ro v e m e n t s  w e re  fo u n d  u s i n g  g a s e o u s  s o l v e n t s  and  
t h e  g e n e r a l  t e c h n i q u e  was f u r t h e r  em ployed  t o  p u r i f y  t h e  c r u d e  
o z o k e r i t e .  P u r i f i c a t i o n  was a c h i e v e d  by v a r y i n g  g a s  
p r e s s u r e  t o  a d j u s t  t h e  pow er  o f  t h e  s o l v e n t .
E l g i n  and  Weinstock(2^f  ) have  p r o p o s e d  a  method  f o r  
d e h y d r a t i n g  o r g a n i c  compounds by u s i n g  c o m p re s s e d  g a s e s  s u c h  
a s  e t h y l e n e .  The c o m p re s s e d  e t h y l e n e  i s  u s e d  t o  g i v e  a p h a s e  
s e p a r a t i o n ,  ' s a l t i n g - o u t 1 t h e  w a t e r  from t h e  o r g a n i c  s o l u t i o n ,  
f o r  example  d e h y d r a t i o n  o f  t h e  m e t h y l e t h y l  k e t o n e - w a t e r  a z e o t r o p
S e v e r a l  p a t e n t s ( 2 5 ) ( 2 6 ) ( 2 7 ) h a v e  been  t a k e n  o u t  on t h e  u s e  
o f  t h e  g a s  e x t r a c t i o n  t e c h n i q u e .  I n  a d d i t i o n  t o  i t s  u s e  f o r  
d e a s p h a l t i n g  p e t r o l e u m ( 2 7 )? r e f e r e n c e  ( 25) c l a i m s  a s e p a r a t i o n
p r o c e s s  i n v o l v i n g  b a t c h  o r  c o n t i n u o u s  o p e r a t i o n  o f  a  h i g h  
p r e s s u r e  f r a c t i o n a t i n g  s t i l l  a n a l o g o u s  t o  t h o s e  u s e d  i n  
d i s t i l l a t i o n  p r a c t i c e .  The c o n t i n u o u s  o p e r a t i o n  i n v o l v e s  
t h e  u s e  o f  v a r i a b l e  r e c y c l e  r a t i o  and  ' s i d e - s t r i p p i n g '  
s e c t i o n s  t o  a c h i e v e  t h e  r e q u i r e d  d e g r e e  o f  s e p a r a t i o n .
The o n l y  known r e f e r e n c e  ( 28) t o  t h e  u s e  o f  g a s  
e x t r a c t i o n  on a  c o a l  b a s e d  s u b s t r a t e  i s  i n  t h e  p r o p o s e d  
m a n u f a c t u r e  o f  l i q u i d  f u e l s  from c o a l .  The p r o c e s s  
i n v o l v e s  d i g e s t i o n  o f  c o a l  i n  a  l i q u i d  s o l v e n t  an d  t h e  
s u b s e q u e n t  u s e  o f  c o m p re s s e d  g a s e s ,  a t  200  -  500°F  and  50  -  
35Q a tm o s p h e re s ,  t o  remove t h e  s o l u b l e  f r a c t i o n s  f rom t h e  
a s h  c o n t a m i n a t e d  r e s i d u e .  These  s o l u b l e  f r a c t i o n s  a r e  t h e n  
u s e d  a s  f e e d s t o c k  f o r  h y d r o c r a c k i n g  t o  g a s o l i n e .
3 . 2 .  S o l v e n t  E x t r a c t i o n  o f  Coal
C o a l  may be p r o c e s s e d  by s e v e r a l  t e c h n i q u e s  s u c h  a s  d e s t r u c t i v e  
d i s t i l l a t i o n  ( c a r b o n i s a t i o n ) ,  o x i d a t i o n  ( g a s i f i c a t i o n ) ,  h y d r o g e n a t i o n  
and  s o l v e n t  e x t r a c t i o n .  However,  p r o b l e m s  a r i s e  i n  p r o c e s s i n g  due 
t o  t h e  com plex  and  v a r i a b l e  n a t u r e  o f  c o a l  and i n  o r d e r  f o r  t h e  
a c t i o n  o f  t h e s e  p r o c e s s e s  t o  be more f u l l y  u n d e r s t o o d  i t  i s  f i r s t  
n e c e s s a r y  t o  d e f i n e ,  i f  p o s s i b l e ,  t h e  c h e m i c a l  and  p h y s i c a l  
n a t u r e  o f  c o a l .  The p r o c e s s e s  m e n t i o n e d  a l l  r e l y ,  t o  v a r y i n g  
d e g r e e s ,  on t h e  t h e r m a l  d e c o m p o s i t i o n  o f  coal*, b e c a u s e  o f  i t s  
g e n e r a l  c h e m i c a l  i n e r t n e s s  c o a l  h a s  b e e n  d e s c r i b e d  a s  a n  o r g a n i c  
r o c k .  S o l v e n t  e x t r a c t i o n  h a s  t h e  a d v a n t a g e  o f  r e q u i r i n g  a  low 
d e g r e e  o f  p y r o l y s i s  t o  a c h i e v e  r e l a t i v e l y  h i g h  y i e l d s  o f  m a t e r i a l s  
f o r  s u b s e q u e n t  u s a g e s .  C o n s e q u e n t l y  o r g a n i c  c h e m i s t s  i n i t i a l l y  
r e l i e d  a l m o s t  e x c l u s i v e l y  on t h i s  t e c h n i q u e  f o r  t h e i r  i n v e s t i g a t i o n s  
i n t o  t h e  n a t u r e  o f  c o a l .  ' ’
The o r i g i n a l  aim o f  w o r k e r s  i n  t h i s  f i e l d  was t o  e x t r a c t  
t h e  m a t e r i a l s  f rom w h ic h  c o a l  d e r i v e d  i t s  c o k i n g  p r o p e r t i e s o  
De M a r s i l l y  ( 2 9 ) ,  F re m y (3 0 )  and  Bedson. (31)  u s e d  s i n g l e  s o l v e n t s  
f o r  e x t r a c t i o n  i n  ’S o x h l e t 1 t y p e  e x t r a c t i o n s  a t  t h e  b o i l i n g  p o i n t  
o f  t h e  s o l v e n t  o r  a t  e l e v a t e d  t e m p e r a t u r e s  and  p r e s s u r e s  i n  a u t o -  
c l a v e s .  L a t e r  w o r k e r s /W h e e l e r ( 3 2 ) ( 3 3 )  and F i s c h e r ( 3 ^ )  ( 3 5 )  # 
i n i t i a l l y  s u b j e c t e d  t h e  c o a l  t o  a  p o w e r f u l  s o l v e n t ,  s u c h  a s  p y r i d i n e ,  
and  t h e n  s u b d i v i d e d  t h e  e x t r a c t  a c c o r d i n g  t o  i t s  s o l u b i l i t y  i n  
l e s s  p o w e r f u l  s o l v e n t s ,  s u c h  a s  c h l o r o f o r m  and p e t r o l e u m  s p i r i t .
S i n c e  t h e s e  e a r l y  i n v e s t i g a t i o n s  a l m o s t  a l l  o r g a n i c  s o l v e n t s  
have  b e e n  t r i e d ,  from p e t r o l e u m  e t h e r  t o  h i g h  b o i l i n g  p o l y c y c l i c s
su ch  a s  a n t h r a c e n e  and  p h e n a n t h r e n e .  However,  i n  a l l  c a s e s  i t  
a p p e a r s  t h a t  e x t r a c t i o n s  h a v e  t a k e n  p l a c e  b e lo w  t h e  c r i t i c a l  
t e m p e r a t u r e  o f  t h e  s o l v e n t .  Rev iew s  o f  a v a i l a b l e  l i t e r a t u r e  
h ave  b e e n  made by  B a k e s 0 6 ) ,  D r y d e n ( 3 7 ) a n d  K r o g e r  (  3 8 ) .
3 * 2 . 1 .  C l a s s i f i c a t i o n  o f  c o a l  and s o l v e n t s
As a  r e s u l t  o f  t h e  w i d e l y  d i f f e r i n g  n a t u r e  o f  c o a l s  and 
t h e  l a r g e  number  o f  s o l v e n t s  w h ich  c a n  be  u s e d ,  s y s t e m s  o f  
c l a s s i f i c a t i o n  a r e  r e q u i r e d  su c h  t h a t  t h e  v a s t  vo lume o f  d a t a  
a v a i l a b l e  c a n  be  a n a l y s e d .
The c h e m i c a l  c o m p o s i t i o n  o f  c o a l  v a r i e s  a c c o r d i n g  t o  t h e  
d e g r e e  o f  c o a l i f i c a t i o n  i t  h a s  u n d e r g o n e .  Many p a r a m e t e r s  h a v e  
b e e n  s t u d i e d  w i t h  a  v ie w  t o  c h a r a c t e r i s a t i o n ,  and  even  now 
m e th o d s  v a r y  from c o u n t r y  t o  c o u n t r y .
R e g n a u l t ( 3 9 )  i n i t i a l l y  d e v e l o p e d  a  s y s t e m  b a s e d  on oxygen  
c o n t e n t ,  and  a n o t h e r  method  p u t  f o r w a r d  by F ra s e r (^ -O )  i s  b a s e d  on 
t h e  r a t i o  b e t w e e n  v o l a t i l e  m a t t e r  and  c a r b o n  r e s i d u e .  S y s te m s  
b a s e d  p u r e l y  on e l e m e n t a l  c o m p o s i t i o n , a s  p r o p o s e d  by  S e y l e r ( 4 l ) f 
d i d  n o t  a t t r a c t  s u p p o r t  o u t s i d e  t h e  aca d e m ic  f i e l d  s i n c e  
t e c h n o l o g i s t s  u s u a l l y  p r e f e r  a  t e s t  more c l o s e l y  a l i g n e d  t o  t h e  
p r o c e s s  w h ich  t h e y  a r e  a p p l y i n g  t o  c o a l .  C o n s e q u e n t l y  s y s t e m s  
s u c h  a s  t h a t  a d o p t e d  i n  B r i t a i n ,  t h e  C oa l  Rank C l a s s i f i c a t i o n  
s y s t e m  a r e  f a v o u r e d ;  t h i s  s y s t e m  i s  b a s e d  on t h e  v o l a t i l e  
m a t t e r  c o n t e n t  and  c a k i n g  p r o p e r t i e s ,  w h ich  a r e  i m p o r t a n t  f a c t o r s  
i n  t h e  c a r b o n i s a t i o n  i n d u s t r y .  T h i s  r a n k  s y s t e m  d raw s  a t t e n t i o n  
t o  t h e  c o a l i f i c a t i o n  by w h ich  p l a n t  r e m a i n s  a r e  s u c c e s s i v e l y
m e ta m o rp h o s e d  t o  p e a t ,  l i g n i t e ,  b i t u m i n o u s  c o a l s  and  f i n a l l y  
a n t h r a c i t e .  High  r a n k  c o a l s  a r e  t h o s e  w h ich  h a v e .u n d e r g o n e  a 
h i g h  d e g r e e  o f  c o a l i f i c a t i o n .
I t  i s  p o s s i b l e  t o  c h a r a c t e r i s e  c o a l  by  p e t r o l o g i c a l  
a n a l y s i s  w h ich  c l a s s i f i e s  a c c o r d i n g  t o  t h e  m a c e r a l  c o n t e n t  
( e x i n i t e ,  v i t r i n i t e  and  i n e r t i n i t e )  b u t  l i t t l e  u s e  h a s  b e e n  
‘made o f  t h i s  m e t h o d .
0 e l e C f 2 ) h a s  p u t  f o r w a r d  a c l a s s i f i c a t i o n  o f  e x t r a c t i o n  
p r o c e s s e s  f o r  c o a l  w h ich  i s  g i v e n  b e l o w .
a )  N o n - s p e c i f i c  e x t r a c t i o n ;  t h i s  i s  c a r r i e d  o u t
a t  low  t e m p e r a t u r e s  (<100°C)  and  o n l y  s m a l l  
am oun ts  o f  e x t r a c t  a r e  o b t a i n e d  (1%).  The 
e x t r a c t  c o n s i s t s  o f  s u b s t a n c e s  s uch  a s  p l a n t
waxes  w hich  h a v e  n o t  u n d e r g o n e  c o a l i f i c a t i o n .
b )  S p e c i f i c  e x t r a c t i o n ;  up t o  k 0 %  o f  t h e  c o a l  
may be e x t r a c t e d  a t  t e m p e r a t u r e s  b e lo w  200°C 
u s i n g  s o l v e n t s  su c h  a s  p y r i d i n e .  The c h e m i c a l  
c o m p o s i t i o n  o f  t h e s e  e x t r a c t s  i s  v e r y  s i m i l a r  
t o  t h e  p a r e n t  c o a l .
c )  E x t r a c t i v e  d i s i n t e g r a t i o n ;  t h i s  i s  c a r r i e d  o u t  
a t  r e l a t i v e l y  h i g h  t e m p e r a t u r e s  (>  200°C)  and  
t h e  s o l v e n t s  u s e d ,  t e rm e d  d e g r a d i n g  s o l v e n t s . ,  
can  be  r e c o v e r e d  u n c h a n g e d  a f t e r  t h e  e x t r a c t i o n .  
Y i e l d s  o f  90% c an  be a c h i e v e d  u s i n g  a  b i t u m i n o u s  
c o a l  and  a n t h r a c e n e  o i l  a t  i t s  b o i l i n g  p o i n t .
d)  E x t r a c t i v e  c h e m i c a l  d i s i n t e g r a t i o n ;  t h e s e
e x t r a c t i o n s  a r e  u s u a l l y  c a r r i e d  o u t  w i t h  s o l v e n t s  
w h ich  a c t  a s  h y d r o g e n  d o n o r s ,  f o r  exam ple  t e t r a l i n ,  
and  • c o n s e q u e n t l y  t h e  c o m p o s i t i o n  o f  t h e  s o l v e n t  
v a r i e s  a c c o r d i n g  to  t h e  d e g r e e  o f  e x t r a c t i o n , .
S o l v e n t s  h a v e  a l s o  b e e n  c l a s s i f i e d  by  Dryden(Jf3 ) » The 
’c l a s s i f i c a t i o n  i s  b a s e d  upon  t h e  r e s u l t s  o f  f o u r  t e s t s ;  one 
c a r r i e d  o u t  on t h e  c o a l  and  t h e  r e m a i n d e r  on t h e  r e s u l t i n g  
e x t r a c t .  A t t e m p t s  have  b e e n  made t o  c o r r e l a t e  p h y s i c a l  p a r a m e t e r s  
o f  t h e  s o l v e n t  w i t h  i t s  s o l v e n t  power  f o r  c o a l $  K i e b l e r ( Mf) 
s u g g e s t e d  a  c o r r e l a t i o n  b e t w e e n  i n t e r n a l  p r e s s u r e  and  y i e l d  o f  
e x t r a c t  w h i l s t  K r e u l e n 0 5  ) u s e d  s u r f a c e  t e n s i o n  a s  t h e  s o l v e n t  
p a r a m e t e r .  However D ryden  h a s  shown t h a t  t h e r e  i s  no c o r r e l a t i o n  
b e tw e e n  t h e s e  p a r a m e t e r s  and  s o l v e n t  power  r a t e d  a c c o r d i n g  t o  h i s  
own c l a s s i f i c a t i o n .  More r e c e n t l y ,  f u r t h e r  i n v e s t i g a t i o n s  h a v e  
a g a i n  n o t e d  r e l a t i o n s h i p s  b e t w e e n  i n t e r n a l  c o h e s i v e  f o r c e s 0 6 )  
and s u r f a c e  t e n s i o n  o f  s o l v e n t 0 7 )  w i t h  e x t r a c t  y i e l d .
3 . 2 . 2 .  E f f e c t  o f  e x t r a c t i o n  v a r i a b l e s  on y i e l d
I n  o r d e r  t o  c o n s i d e r  t h e  e f f e c t  o f  e x t r a c t i o n  v a r i a b l e s  on 
y i e l d  i t  would  be  h e l p f u l  t o  c o n s i d e r  a  p o s s i b l e  c o a l  s t r u c t u r e  
a t  t h i s  p o i n t o
C oa l  h a s  b e e n  d e f i n e d (^ 5 )  a s  a  s o l i d  c o l l o i d .  K r e u l e n  
d e p i c t s  c o a l  a s  c o n s i s t i n g  o f  a  l a r g e  number o f  p a r t i c l e s  ( m i c e l l e  
n u c l e i )  s u r r o u n d e d  by  p r o t e c t i v e  o l e o p h i l i c  l a y e r s  and  im b ed d ed  i n  
a n  o i l y  medium. He s u g g e s t s  t h a t  a  f u n d a m e n t a l  d i f f e r e n c e  e x i s t s
b e t w e e n  t h e  o i l y  medium and  t h e  d i s p e r s e d  p a r t i c l e s . '  The 
c o m p o s i t i o n  o f  c o a l  i n  t e r m s  o f  t h e s e  c o n s t i t u e n t s  w i l l  v a r y  
a c c o r d i n g  t o  i t s  r a n k ;  f o r  i n s t a n c e ,  i n  a  low r a n k  c o a l  t h e  
o i l y  medium, c o n s i s t i n g  o f  r e l a t i v e l y  low m o l e c u l a r  m a t e r i a l  
d e r i v e d  f rom p l a n t  w axes  and  r e s i n s ,  w i l l  form a  l a r g e r  
p r o p o r t i o n  o f  t h e  c o a l  s t r u c t u r e  t h a n  i n  a  h i g h  r a n k  c o a l ,  w here  
t h e  c o a l i f i c a t i o n  p r o c e s s  w i l l  have  c a u s e d  t h e  f o r m a t i o n  o f  more  
h i g h  m o l e c u l a r  w e i g h t  m a t e r i a l  i n  t h e  form o f  m i c e l l e  n u c l e i .
The m i c e l l e  model  m us t  be c o n s i d e r e d  i n  c o n j u n c t i o n  w i t h  a  
f i n e  m i c r o p o r e  s t r u c t u r e ,  i l l u s t r a t e d  by  t h e  n a t u r a l  p o r o s i t y  
o f  c o a l .  I t  vh a s  b e e n  s u g g e s t e d  t h a t  t h i s  s t r u c t u r e  c a n  a c t  a s  
m o l e c u l a r  s e iv e C ^ S )  and  Vahrman(^-9 ) h a s  s u g g e s t e d  t h a t  t h i s  i s  t h e  
r e a s o n  f o r  t h e  f a c t  t h a t  t h e  o r d e r  o f  e x t r a c t i o n  o f  h y d r o c a r b o n s  
from c o a l  i s  g o v e r n e d  by t h e i r  m o l e c u l a r  s t r u c t u r e  and  s i z e .
The a c t i o n  o f  a  s o l v e n t  on c o a l  c o n s i s t s  o f  i t  p e n e t r a t i n g  
t h i s  m i c r o p o r e  s t r u c t u r e ,  w a s h in g  o u t  t h e  o i l y  medium, and  d i s p e r s i n g  
t h e  m i c e l l e  n u c l e i .  The r e s u l t i n g  s o l u t i o n s  o f  e x t r a c t e d  m a t e r i a l  
i n  s o l v e n t  c an  be e i t h e r  e n t i r e l y  m o le c u la r ;  a s  i n  t h e  c a s e  w h e re  
s m a l l  a m o u n ts  o f  low m o l e c u l a r  w e i g h t  m a t e r i a l  a r e  removed  by  
s p e c i f i c  s o l v e n t s ,  o r  c o l l o i d a l ,  a s  when t h e  whole ,  s y s t e m  i s  b r o k e n  
down by t h e  a c t i o n  o f  a  d e g r a d i n g  s o l v e n t .
The y i e l d  o f  e x t r a c t  i s  n o r m a l l y  found  t o  be i n d e p e n d e n t  
o f  c o a l  s i z e ,  e s p e c i a l l y  a t  h i g h  s o l v e n t  t o  c o a l  r a t i o s ( 50 ), 
a l t h o u g h  t h e  r a t e  o f  e x t r a c t i o n  i s  i n e v i t a b l y  s lo w e d  when 
e x t r a c t i n g  l a r g e r  g r a i n s  o f  c o a l .
F o r (a  g i v e n  s o l v e n t  t h e  y i e l d  o f  e x t r a c t  i s  g r e a t l y  
a f f e c t e d  by  t h e  r a n k  o f  c o a l  b u t  t h e  r e l a t i o n s h i p  b e tw e e n  
y i e l d  and  c o a l  r a n k  i s  a  f u n c t i o n  o f  s o l v e n t  t y p e  a s  w e l l .
As a  g e n e r a l  r u l e  low r a n k  c o a l s  g i v e  h i g h  d e g r e e s  o f
e x t r a c t i o n ( 3 7 ) ( 5 1 ) •  ’ •
P r e s s u r e  i s  r a r e l y  u s e d  a s  a  v a r i a b l e  i n  s o l v e n t  
e x t r a c t i o n  e x c e p t  when e l e v a t e d  t e m p e r a t u r e  above  t h e  b o i l i n g  
p o i n t  o f  t h e  s o l v e n t  a r e  r e q u i r e d .  P r e s s u r e  h a s  b e e n  fo u n d  t o  
i n c r e a s e  t h e  r a t e  o f  e x t r a c t i o n ( 5 0 ) o f  l a r g e  g r a i n s  o f  c o a l s .
The t e m p e r a t u r e  - o f  e x t r a c t i o n  i s  found  t o  a f f e c t  b o t h  
t h e  d e g r e e  o f  e x t r a c t i o n  and t h e  n a t u r e  o f  t h e  e x t r a c t  and  
r e s i d u e .  I n  s t u d i e s  r e l a t i n g  t o  t h e  s t r u c t u r e  o f  c o a l  
e x t r a c t i o n  t e m p e r a t u r e s  b e lo w  250°C a r e  u s u a l l y  em ployed  s i n c e  
above  t h i s  t e m p e r a t u r e  r a d i c a l  c h a n g e s  o c c u r  i n  t h e  r e s i d u e ( 3 7 ) (5 2 ) 
T hese  v a r i a t i o n s  c a n  be  e x p l a i n e d  i n  c o n j u n c t i o n  w i t h  t h e  
c o l l o i d a l  m ode l  o f  c o a l (  37) • I t  h a s  a l s o  been  shown t h a t  
ab ove  550°C t h e  s o l u b i l i t y  o f  c o a l s  i n  mos t  s o l v e n t s  becomes  
n e g l i g i b l e .  The optimum e x t r a c t i o n  t e m p e r a t u r e  h a s  b e e n  shown 
t o  c o i n c i d e  w i t h  t h e  t e m p e r a t u r e  a t  w h ich  t h e  c o a l  e n t e r s  t h e  
p l a s t i c  zone (53 ) (5^ ) • T h i s  w i l l  v a r y  a c c o r d i n g  t o  t h e  r a n k  
o f  t h e  c o a l  b u t  i s  u s u a l l y  i n  t h e  r e g i o n  300 -  350°C and  t h i s  
t e m p e r a t u r e  c o i n c i d e s  w i t h vt h e  e v o l u t i o n  o f  c o n s i d e r a b l e  
q u a n t i t i e s  o f  g a s .  P r e h e a t i n g  o f  c o a l ,  b e f o r e  e x t r a c t i o n ,  t o  
t h e s e  t e m p e r a t u r e s  i m p r o v e s  t h e  y i e l d  o f  e x t r a c t  i n  e x t r a c t i o n s  
c a r r i e d  o u t  s u b s e q u e n t l y  a t  l o w e r  t e m p e r a t u r e s (55 )(5 6  ) .
The p r e s e n c e  o f  o x y g e n  and w a t e r  i s  o f t e n  fo u n d  to  
d e c r e a s e  t h e  d e g r e e  o f  e x t r a c t i o n .  F o r  i n s t a n c e j t h e  p r e s e n c e  
o f  w a t e r  was fo u n d  t o  d e c r e a s e  t h e  y i e l d  o f  e x t r a c t  by  k 0 %  
when u s i n g  p y r i d i n e  a s  s o l v e n t .  However ,  i t  h a s  a l s o  b e e n  
s t a t e d ( 3 7 ) t h a t  t h e  u n f a v o u r a b l e  e f f e c t  o f  m o i s t u r e  i s  
c o n f i n e d  to  s o l v e n t s  f o r m i n g  a z e o t r o p e s  w i t h  w a t e r .
3 . 2 . 3 *  The n a t u r e  o f  e x t r a c t s  o b t a i n e d  from c o a l
The n a t u r e  o f  c o a l  e x t r a c t s ,  b o t h  p h y s i c a l  and  c h e m i c a l , ,  
w i l l  ch an g e  w i t h  t h e  r a n k  o f  c o a l  e x t r a c t e d  and  t h e  l e v e l  o f  
e x t r a c t i o n .  F or  y i e l d s  o f  e x t r a c t s  o f  a p p r o x i m a t e l y  1% by 
w e i g h t ,  s i m p l e  m o l e c u l e s  h a v e  b e e n  i d e n t i f  i e d (  4-9) ( a nd s u c h  
e x t r a c t s  g i v e  t r u e  s o l u t i o n s  i n  e x t r a c t i n g  s o l v e n t s .  At h i g h e r  
l e v e l s  o f  e x t r a c t i o n  ( 80%) t h e  t e n d e n c y  i s  f o r  e x t r a c t s  t o  
become more c o l l o i d a l  i n  n a t u r e ( 5 8 ) .  The m o l e c u l a r  w e i g h t s  
h ave  b e e n  shown t o  i n c r e a s e  w i t h  t h e  d e g r e e  o f  e x t r a c t i o n .  
W ynne-Jones  e t  a l 0 6  ) m e a s u r e d  v a l u e s  r a n g i n g  f rom ^-00 -  1200 ,  
d e p e n d i n g  on t h e  r a n k  o f  t h e  c o a l ,  and  t h e y  a l s o  showed t h a t  a  
c e r t a i n  f r a c t i o n  o f  a  p y r i d i n e  e x t r a c t  from c o a l  h a d  a  m o l e c u l a r  
w e i g h t  o f  t h e  o r d e r  o f  8 0 0 0 .
With  r e g a r d  to  t h e  c h e m i c a l  c o m p o s i t i o n  o f  c o a l  e x t r a c t s ,  
i t  h a s  b e e n  n o t e d  t h a t  t h e r e  i s  v e r y  l i t t l e  c h a n g e  when c o n s i d e r i n g  
y i e l d s  o f  5 -  80%. F o r  b e n z e n e  e x t r a c t s ,  S a k a b e ( 5 9 )  found  no 
marked  d i f f e r e n c e  b e t w e e n  c o a l  and  e x t r a c t  when m o l e c u l a r  w e i g h t ,  
x - r a y  d i f f r a c t i o n ,  m a g n e t i c  s u s c e p t i b i l i t y ,  u l t r a - v i o l e t  s p e c t r u m  
and  f r e e - r a d i c a l  c o n t e n t  s t u d i e s  were  made.  S i m i l a r  c o n c l u s i o n s
were  r e a c h e d  by K i r k b y ( 6 0 )  and  B row n(6 l ) .  When s t u d y i n g  
u l t i m a t e  a n a l y s e s  o f  e x t r a c t s  and  r e s i d u e s  0 e l e ( 4 2 )  fo u n d
Q
l i t t l e  c h a n g e  i n  t h e  /H  v a l u e  r a t i o  f o r  r e s i d u e  when up t o  
8 0 %  o f  t h e  c o a i  was e x t r a c t e d  w i t h  a n t h r a c e n e  a t  350°C.  
T e r e b e n i n a ( 51)  h a s  n o t e d  t h a t  i n c r e a s e -  i n  t h e  r a n k  o f  t h e  
c o a l  e x t r a c t e d  c h a n g e s  t h e  c o m p o s i t i o n  ‘o f  t h e  e x t r a c t ,  i n  a s  
much a s  i t  becomes r i c h e r  i n  n e u t r a l  compounds and  p o o r e r  
i n  oxygen  compounds.
3 . 2 . ^ f .  Commercial ,  a p p l i c a t i o n s  o f  s o l v e n t  e x t r a c t i o n  
o f  c o a l
S i n c e  h i g h  y i e l d s  o f  e x t r a c t  a r e  i n e v i t a b l y  s o u g h t ,  h e a v y  
d e g r a d i n g  s o l v e n t s  a r e  n o r m a l l y  used ,  a t  t e m p e r a t u r e s  o f  300  -  
^-00°C. T h e r e  a r e  two p o s s i b l e  e n d - p r o d u c t s  o f  a  s o l v e n t  
e x t r a c t i o n  p r o c e s s ;  one  i s  a  c o a l  d i g e s t  where t h e  i n s o l u b l e  
r e s i d u e  i s  n o t  removed f rom t h e  s o l u t i o n  and  i n  many c a s e s  t h e  
h e a v y  s o l v e n t  i s  n o t  rem oved  e i t h e r .  T h i s  m a t e r i a l  i s  u s e d  a s  
a  b i t u m e n - s u b s t i t u t e .  The s e c o n d  e n d - p r o d u c t  c a n  be  o b t a i n e d  
by  f i l t e r i n g  o f f  t h e  i n s o l u b l e  r e s i d u e  and  d i s t i l l i n g  o f f  t h e  
s o l v e n t  t o  l e a v e  p u r e  c o a l  e x t r a c t .  T h i s  m a t e r i a l  c a n  t h e n  be  
u s e d  a s  a  f e e d s t o c k  f o r  o t h e r  p r o c e s s e s  i n c l u d i n g  p r o d u c t i o n  o f  
p u r e  c h e m i c a l s ,  p r o d u c t i o n  o f  l i q u i d  f u e l d s  o r  h i g h  q u a l i t y  l o w -  
a s h  e l e c t r o d e  co k e .
A t t e m p t s  h a v e  b e e n  made f o r  h a l f  a  c e n t u r y  t o  o p e r a t e  
l a r g e  s c a l e  e x t r a c t i o n  p r o c e s s e s  b u t  g e n e r a l l y  t h e y  have  o n l y  
b e e n  economic  d u r i n g  w a r - t i m e ,  f o r  exam ple  t h e  German 
P o t t - B r o c h e  p r o c e s s .  S e v e r a l  new p r o c e s s e s ( 62)  a r e  now e m e r g i n g  
a t  t h e  p i l o t - p l a n t  s t a g e  w h ich  a r e  s a i d  t o  be e c o n o m i c a l l y  
v i a b l e  i n  t h e  l i g h t  o f  t h e  p r e s e n t  w o r l d  e n e r g y  s i t u a t i o n .
The g e n e r a l  t e c h n i q u e  u s e d  i s  t o  f e e d  a  s l u r r y  o f  c o a l  
and  h eav y  o i l  c o n t i n u o u s l y  t o  a  d i g e s t e r  u n i t ,  t h e  l e v e l  o f  
e x t r a c t i o n  c a n  be a d j u s t e d  by ch an g e  i n  s o l v e n t / c o a l  r a t i o ,  
t e m p e r a t u r e  and  r e s i d e n c e  t i m e .  R e s i d u a l  m a t e r i a l ,  c o n t a i n i n g  
a s h ,  i s  t h e n  removed f rom s o l u t i o n  by  means o f  r o t a r y  f i l t e r s ,  
c e n t r i g u g e s  o r  c y c l o n e s .  I n  g e n e r a l  i t  i s  t h i s  o p e r a t i o n  w h ic h  
i s  p r o b l e m a t i c a l ;  s i n c e  h i g h  b o i l i n g  d i g e s t i n g  o i l s  a r e  u s e d ,  
h i g h  t e m p e r a t u r e  f i l t r a t i o n  mus t  be employed t o  r e d u c e  s o l u t i o n  
v i s c o s i t y  t o  a n  a c c e p t a b l e  l e v e l .  S o l v e n t  o i l  i s  r e c o v e r e d  by  
d i s t i l l a t i o n  and t h e  r e s u l t i n g  e x t r a c t  i s  s u b j e c t e d  t o  f u r t h e r  
p r o c e s s i n g  i n c l u d i n g  c a r b o n i s a t i o n ,  c a t a l y t i c  h y d r o g e n a t i o n  and  
h y d r o c r a c k i n g .  ;
3 . 3  • D e s t r u c t i v e  D i s t i l l a t i o n  o f  C oa l
As a r e s u l t  o f  t h e  n a t u r e  o f  t h e  c o a l i f i c a t i o n  p r o c e s s  
r e l a t i v e l y  h i g h  t e m p e r a t u r e s  a r e  r e q u i r e d  t o  i n i t i a t e  t h e  
t h e r m a l  d e c o m p o s i t i o n  o f  c o a l .  H o w e v e r ^ d e s t r u c t i v e  d i s t i l l a t i o n  
i s  w i d e l y  u s e d  b o t h  c o m m e r c i a l l y  and  a s  an  a n a l y t i c a l  t e c h n i q u e .
The p r o d u c t s  o f  t h e  d e c o m p o s i t i o n  r e a c t i o n s  d e p e n d  on 
t h r e e  f a c t o r s ;  t h e  t e m p e r a t u r e ,  t h e  r a n k  o f  c o a l  a n d ,  on t h e  
c o m m e r c i a l  s c a l e ,  t h e  t y p e  o f  e q u ip m e n t  u s e d .
The r e a c t i o n s  c a n  be  d i v i d e d  i n t o  t h o s e  w h ich  o c c u r  a b o v e  
and  b e lo w  t h e  ' d e c o m p o s i t i o n '  t e m p e r a t u r e  o f  t h e  c o a l ,  w h ich  
i s  d e p e n d a n t  on t h e  r a n k  o f  t h e  c o a l  a s  shown i n  F i g u r e  3 .
Above t h i s  t e m p e r a t u r e  m a j o r  d e c o m p o s i t i o n  o c c u r s  r e s u l t i n g  
i n  a  r a p i d  i n c r e a s e  i n  t h e  e v o l u t i o n  o f  v o l a t i l e  p r o d u c t s ,  an d  
t h i s  p r o c e s s  i s  n o r m a l l y  t e rm e d  c a r b o n i s a t i o n .  The l i q u i d  
p r o d u c t  o f  d i s t i l l a t i o n  j u s t  above  t h e  ' d e c o m p o s i t i o n '  
t e m p e r a t u r e  i s  o f t e n  r e f e r r e d  t o  a  ' p r i m a r y  t a r '  w h ich  
i s  c l o s e l y  r e l a t e d  t o  t h e  c o a l  s t r u c t u r e  and  
i n c l u d e s  n a p h t h a l e n e  and  a l i p h a t i c  compounds w i t h  s u b s t a n t i a l  
am o u n ts  o f  o x ygen ,  n i t r o g e n  and  s u l p h u r (103 )  • At h i g h e r  t e m p e r a t u r e s ,  
700° C and  above^ t h e s e  t a r s  u n d e rg o  s e c o n d a r y  d e c o m p o s i t i o n  
r e a c t i o n s ,  t h e  c o n d e n s a t i o n  p r o d u c t s  o f  w h ich  a r e  t e r m e d  
s e c o n d a r y  t a r s .
3 * 3 * L a b o r a t o r y  R e s e a r c h
The d e g r e e  o f  p y r o l y s i s  r e q u i r e d  t o  e f f e c t  t h e  
d e c o m p o s i t i o n  o f  a  c o a l  c a n  be r e d u c e d  by t h e  u s e  o f  vacuum 
d i s t i l l a t i o n  and  many w o r k e r s  hav e  a d o p t e d  t h i s  t e c h n i q u e .
B u r g e s s  and  W h e e le r (6 3  ) made s y s t e m a t i c  i n v e s t i g a t i o n s  on
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TEMPERATURE C
FIG. 3 DECOM P O S IT IO N  TEM R  
VS. 
VO LA TILE  CONTENT
AFTER GIBSON & GREGORY ( l 0 3  )
B r i t i s h  b i t u m i n o u s  c o a l s  and, w o r k in g  w i t h  a  S o u th  Y o r k s h i r e  
c o a l  a s  s t a n d a r d , t h e y  n o t e d  t h a t  s m a l l  am oun ts  o f  w a t e r  and  
o c c l u d e d  g a s e s  were  e v o l v e d  a t  200°C and  a b o v e ,  l i g h t  o i l s  
w ere  e v o l v e d - a t  a b o u t  3 1 0 °C>b u t  m a j o r  t h e r m a l  d e c o m p o s i t i o n  
b e g a n  a t  330°C,  s u b s e q u e n t l y  t e rm e d  t h e  ' d e c o m p o s i t i o n *  
t e m p e r a t u r e .  A n a l y s e s  o f  g a s e s  e v o l v e d  b e tw e e n  330 and  700°C 
showed t h a t  t h e y  c o n s i s t e d  m a i n l y  o f  m e thane  and  o t h e r  l i g h t  
h y d r o c a r b o n s ,  w h e r e a s  ab o v e  700°C t h e r e  was a s i g n i f i c a n t  
i n c r e a s e  i n  t h e  e v o l u t i o n  o f  hyd rogen^  s u g g e s t i n g  a  ch an g e  i n  
t h e  d e c o m p o s i t i o n  p r o c e s s .  Hydrogen  i s  a  p r i m a r y  p r o d u c t  o f
i
Xc a r b o n As a t i o n ,  b u t  s e c o n d a r y  c r a c k i n g  o f  p r i m a r y  p r o d u c t s  and  
e v o l u t i o n  o f  h y d r o g e n  f rom  t h e  low  t e m p e r a t u r e  coke  i n i t i a l l y  
fo rmed  a r e  m e chan ism s  w h ich  c o n t r i b u t e  t o  t h e  a b r u p t  i n c r e a s e  
i n  t h e  e v o l u t i o n  o f  h y d r o g e n .
H o l r o y d  and  W h e e l e r (6^-) s t u d i e d  t h e  v a r i a t i o n  i n  
d e c o m p o s i t i o n  t e m p e r a t u r e  w i t h  r a n k  o f  c o a l , a n d  t h e  r e s u l t s  
o f  t h e i r  i n v e s t i g a t i o n s  showed t h a t  w i t h  c o a l s  o f  c a r b o n  
c o n t e n t  v a r y i n g  from 80% t o  90% t h e  d e c o m p o s i t i o n  t e m p e r a t u r e  
v a r i e d  f rom 310 t o  390°C .
S e l v i g  and  Ode(6 3 ) h a v e  g a t h e r e d  t o g e t h e r  a  v a s t  amount
o f  d a t a  c o n c e r n i n g  t h e  y i e l d  o f  p r i m a r y  t a r  d u r i n g  t h e
F i s c h e r  A ss a y  and t h e  y i e l d s  v a r y  f rom  3% f o r  a  low  v o l a t i l e
c o a l  t o  21% f o r  a  h i g h  v o l a t i l e  c o a l .  I t  i s  i n t e r e s t i n g  t o
n o t e  t h a t  when e x p l a i n i n g  t h e  r e s u l t s  o f  e x p e r i m e n t s
c o n c e r n i n g  v a r i a t i o n  i n  t a r  y i e l d  w i t h  h e a t i n g  r a t e ,  J e u t t n e r
and  H o w a r d ( 6 6 )  s u g g e s t e d  t h a t  h i g h  y i e l d s  a t  h i g h  h e a t i n g  r a t e s  
w ere  t h e  r e s u l t  o f  i n i t i a l  d e c o m p o s i t i o n  p r o d u c t s  a c t i n g  a s  a
s o l v e n t  on t h e  r e s i d u e  t o  i n c r e a s e  t h e  o v e r a l l  y i e l d .
The c o m p o s i t i o n  o f  p r i m a r y  t a r s  i s  c l o s e l y  r e l a t e d  t o  t h a t  
o f  t h e  c o a l  from w h ich  t h e y  were  d e r i v e d ;  Morgan an d  P e t t e t ( 6 7 )  
found  t h a t  on- t h e  b a s i s  o f  u l t i m a t e  a n a l y s i s  t h e r e  was a 
d i r e c t  v a r i a t i o n  w i t h  t h e  c o m p o s i t i o n  o f  t h e  p a r e n t  c o a l .
Howeveaj M o r g a n ( 6 8 )  showed t h a t  t h e r e  i s  l i t t l e  d i f f e r e n c e  i n  
t h e  a n a l y s i s  o f  p r i m a r y  t a r s  p r o d u c e d  by d i f f e r e n t  low 
t e m p e r a t u r e  t e c h n i q u e s .
The h y d r o c a r b o n s  o b t a i n e d  by  low  t e m p e r a t u r e  vacuum 
d i s t i l l a t i o n  o f  c o a l  w ere  s t u d i e d  by  P i e t e r  and B o u v i e r ( 6 9 ) y 
who f i r s t  s u g g e s t e d  t h a t ,  a l t h o u g h  t h e y  had  b e e n  s l i g h t l y  
m o d i f i e d ,  t h e y  were  v e r y  s i m i l a r  t o  t h o s e  o b t a i n e d  d u r i n g  t h e  
s o l v e n t  e x t r a c t i o n  o f  t h e  same c o a l .  R e c e n t  work by  Varhman(^-9) 
h a s , shown t h e  p r e s e n c e  o f  s i m i l a r  h y d r o c a r b o n s  i n  t h e  b e n z e n e  
e x t r a c t s  o f  c o a l  and  m a t e r i a l  o b t a i n e d  d u r i n g  t h e  s t e a m i n g  o f  
t h e  same c o a l  a t  ^-00°C. (S team d i s t i l l a t i o n  o f  c o a l  a c h i e v e s  
s i m i l a r  r e s u l t s  t o  vacuum d i s t i l l a t i o n  by r e d u c i n g  t h e  
t e m p e r a t u r e  a t  w h ich  t h e  v o l a t i l e  p r o d u c t s  w i l l  d i s t i l . )  The 
r e s e m b l a n c e  o f  vacuum d i s t i l l a t e s  an d  s o l v e n t  e x t r a c t  t o  t h e  
p a r e n t  c o a l  s u g g e s t s  t h a t  t h e s e  f r a c t i o n s  a r e  d e r i v e d  f rom 
p a r t s  o f  t h e  c o a l  s t r u c t u r e  w h ich  d i f f e r  from t h e  r e s t  o f  t h e  
c o a l  o n l y  i n  t h e  n a t u r e  o f  t h e i r  b o n d i n g  and  n o t  i n  t h e i r  
c o m p o s i t i o n ( 7 0 ) .  A common c h a r a c t e r i s t i c  o f  a l l  m i l d  
d e g r a d a t i o n  p r o c e s s e s  i s  t h a t  t h e y  p r o d u c e  a  s e r i e s  o f  f r a g m e n t s
o f  d i f f e r e n t  m o l e c u l a r  w e i g h t s  b u t  o f  s i m i l a r  c h e m i c a l  c o m p o s i t i o n .
\ .
S e v e r a l  s t r u c t u r e s  f o r  t h e  c o a l  m o l e c u l e  have  b e e n  p u t  f o r w a r d  
t o  s a t i s f y  t h e s e  o b s e r v a t i o n s .  F u c h s  and S a n d h o f f (7 1 )  p o s t u l a t e d
a mechan ism w hereby  t h e  r u p t u r e  o f  t h e i r  b i t u m i n o u s  c o a l
m o l e c u l e  (CL VI_EL ,-,0„NS) and  f o r m a t i o n  o f  g a s  and  t a r  m o l e c u l e s  
• 33 9 7 9
were  i n i t i a t e d  by t h e  s p l i t t i n g  o f  r i n g s  c o n t a i n i n g  
h e t e r o a t o m s .
L a b o r a t o r y  c a r b o n i s a t i o n  e x p e r i m e n t s  have  b e e n  c a r r i e d  
o u t  i n  b o t h  i n e r t  and  r e a c t i v e  h i g h  p r e s s u r e  a t m o s p h e r e s ;  t h e  
r e a c t i v e  a t m o s p h e r e s  h a v e  i n c l u d e d  h y d r o g e n  and  c o a l  g a s .  
F i s c h e r ( 7 2 ) showed t h a t  a s  t h e  p r e s s u r e  o f  t h e  c o a l  g a s  was 
i n c r e a s e d  t h e  y i e l d s  o f  t a r  d e c r e a s e d .  L e r o u x ( 7 3 )  exam ined  
t h e  e f f e c t s  o f  t e m p e r a t u r e  i n  t h e  r a n g e  600 to  900°C and 
h y d r o g e n  p r e s s u r e  on t h e  y i e l d s  o f  ammonia and  t a r .  He f o u n d  
t h a t  i n c r e a s e d  h y d r o g e n  p r e s s u r e  i n c r e a s e d  t h e  ammonia y i e l d  
b u t  t h e  t a r  y i e l d  r e m a i n e d  c o n s t a n t .  However^A1 I t  s i n t e r  an d  ■ 
S h a f e r ( 7 ^ )  n o t e d  a n  i n c r e a s e  i n  t a r  y i e l d  w i t h  i n c r e a s e d  h y d r o g e n  
p r e s s u r e  i n  t h e i r  e x p e r i m e n t s .
The i n e r t  a t m o s p h e r e s  i n v e s t i g a t e d  have  i n c l u d e d  s t e a m  
and  n i t r o g e n .  T h e re  i s  some c o n t r a d i c t i o n  i n  t h e  r e s u l t s  
o b t a i n e d  s i n c e  S us tm an  and  Z i e s e c k e ( 7 3 )  showed t h a t  w i t h  a  
p a r t i c u l a r  c o a l  i n c r e a s i n g  t h e  p r e s s u r e  o f  t h e  i n e r t  a t m o s p h e r e ,  
n i t r o g e n , f r o m  one t o  30  a t m o s p h e r e s  r e d u c e d  t h e  t a r  y i e l d  f rom  
12 t o  3%. They s u g g e s t e d  t h a t  i n c r e a s e d  p r e s s u r e  c a u s e d  
c o n f i n e m e n t  o f  g a s e s  and  t a r  v a p o u r s  r e s u l t i n g  i n  s e c o n d a r y  
c r a c k i n g .  A ' I t s i n t e r  and  S h a f e r  w orked  w i t h  n i t r o g e n  and  s t e a m  
and  fo u n d  no d e c r e a s e  i n  y i e l d  when i n c r e a s i n g  n i t r o g e n  p r e s s u r e  
from 20 t o  100 a t m o s p h e r e s .  They d i d ,  ho w ev e r ,  d e t e c t  a  
s i g n i f i c a n t  i n c r e a s e  i n  t a r  y i e l d  when i n c r e a s i n g  s t e a m  
p r e s s u r e  o v e r  t h e  same r a n g e .  Hubmann(76) n o t e d  a  s i m i l a r
i n c r e a s e  ^ s p e c i a l l y  ab o v e  ^fOO°Ci and  s i n c e  t h e  c r i t i c a l  
t e m p e r a t u r e  o f  w a t e r  i s  376°C t h i s  i s  p o s s i b l y  an  exam ple  o f  
a  c o m p re s s e d  g a s  a c t i n g  a s  a  c o a l  s o l v e n t .
3 . 3 * 2 .  Commercia l  C a r b o n i s a t i o n
Coa l  c a r b o n i s a t i o n  on a  c o m m e r c i a l  s c a l e  h a s  b e e n  c a r r i e d  
o u t  s i n c e  t h e  s e v e n t e e n t h  c e n t u r y  and  a t  p r e s e n t  a p p r o x i m a t e l y  
^-00 m i l l i o n  t o n s  o f  c o a l  a r e  c a r b o n i s e d  t h r o u g h o u t  t h e  w o r ld  
eac h  y e a r ,  t h e  m a j o r i t y  i n  h i g h  t e m p e r a t u r e  coke  o v e n s .  A 
s i m p l e  c l a s s i f i c a t i o n  o f  c a r b o n i s a t i o n  p r o c e s s e s  w i t h  r e s p e c t  
t o  t e m p e r a t u r e  o f  o p e r a t i o n  i s  g i v e n  i n  T a b l e  1 ,
T a b l e  1.
C a r b o n i s a t i o n
p r o c e s s
F i n a l  
t e m p e r a t u r e  
r a n g e  C
P r o d u c t s Comments
Low
t e m p e r a t u r e
^50 -  700 H igh  y i e l d  o f  
r e a c t i v e  c h a r  + 
h i g h  t a r  y i e l d .
R e s i d u e  m a r k e t e d  
a s  s m o k e l e s s  
f u e l  i n  lump o r  
b r i q u e t t e  f o r m .
Medium
t e m p e r a t u r e
700  -  900 R e a c t i v e  c h a r  
w i t h  h i g h  g a s  
y i e l d .
D e c l i n i n g  
i m p o r t a n c e  i n  UK 
w i t h  d i s c o v e r y  of 
N a t u r a l  G as .
High
t e m p e r a t u r e
900  -  1100 U n r e a c t i v e  h a r d  
coke  w i t h  
l i t t l e  t a r .
Used a s
m e t a l l u r g i c a l
r e d u c t a n t .
As s t a t e d  p r e v i o u s l y ,  t h e  p r o d u c t s  o f  c a r b o n i s a t i o n  v a r y  
a c c o r d i n g  t o  t h e  d e g r e e  o f  s e c o n d a r y  c r a c k i n g  o c c u r r i n g  w i t h i n  
t h e  coke  oven, and  t h e  y i e l d  o f  p r o d u c t s  o b t a i n e d  f rom a  P r a t t  
c o a l  i n - a  BM -  AGA' r e t o r t  (7 7 )  a t  d i f f e r e n t  t e m p e r a t u r e s  i s  
shown i n  F i g u r e  A.
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The d e g r e e  t o  w h ich  t a r  v a p o u r s  a r e  c o n f i n e d  i n  t h e  c o a l  
b e d , a n d  t h e  t e m p e r a t u r e s  t o  w hich  t h e y  a r e  e x p o s e d  e s p e c i a l l y  
n e a r  t h e  v e s s e l  w a l l ,  w h ic h  r e s u l t  i n  s e c o n d a r y  c r a c k i n g ,  
depend on t h e  t y p e  o f  e q u ip m e n t  u s e d .  A summary o f  t h e  
p r o c e s s i n g  eq u ip m e n t  i n  u s e  i s  g i v e n  i n  T a b l e  2 .
T a b l e  2.
Type' H e a t i n g C o n d i t i o n  o f  c h a r g e
Type o f  
eq u ip m en t H e a t  t r a n s f e r
Low temp. D i r e c t F i x e d
( b a t c h )
V e r t i c a l  r e t o r t Gas t o  s o l i d  
S o l i d  t o  s o l i d
Low temp. D i r e c t C o n t i n u o u s V e r t i c a l  r e t o r t Gas t o  s o l i d  
S o l i d  t o  s o l i d
Low temp. D i r e c t F l u i d  bed C o n i c a l  o r  f l a t -  
b o t t o m e d  
c y l i n d r i c a l  
v e s s e l
Gas t o  s o l i d  
S o l i d  t o  s o l i d
Low temp. D i r e c t E n t r a i n e d V e r t i c a l  d u c t s Gas t o  s o l i d
Low temp. D i r e c t C o n t i n u o u s C ha in  g r a t e M a i n l y  r a d i a t e d
Low temp. I n d i r e c t F i x e d  bed R e c t a n g u l a r  
s l o t  oven
E x t e r n a l l y  h e a t e d
Low temp. I n d i r e c t C o n t i n u o u s R e c t a n g u l a r  
s l o t  oven
E x t e r n a l l y  h e a t e d
High 
t  emp.
I n d i r e c t F i ^ x e d  bed R e c t a n g u l a r  
s l o t  oven
E x t e r n a l l y  h e a t e d
3-^f. F r a c t i o n a t i o n  o f  C oa l  T a r
W h a te v e r  me thod  i s  u s e d  t o  p r o d u c e  a  c o a l  t a r ,  t h e  
com ponen ts  o f  t h e  t a r  w i l l  c o v e r  a  w ide  r a n g e  o f  m o l e c u l a r  
w e i g h t s ,  v o l a t i l i t i e s  an d  c h e m i c a l . t y p e s . T h e re  .
a r e  an  e x t r e m e l y  l a r g e  number o f  co m p o n en ts  p r e s e n t  and  
s e p a r a t i o n  i n t o  i n d i v i d u a l  com ponen ts  i s  a  v e r y  d i f f i c u l t  
o p e r a t i o n .  I n  g e n e r a l # t h e  i n i t i a l  d e s i r e d  s e p a r a t i o n  i s  i n t o  
t a r  a c i d s ,  t a r  b a s e s  and n e u t r a l  o i l s ,  t h e  m a jo r  s u b s e q u e n t  
f r a c t i o n a t i o n  b e i n g  t h a t  o f  t h e  n e u t r a l  o i l  i n t o  a r o m a t i c  and  
a l i p h a t i c  h y d r o c a r b o n s .
A number o f  f r a c t i o n a t i o n  t e c h n i q u e s  a r e  a v a i l a b l e , i n c l u d i n g  s o l v e n t  
e x t r a c t i o n ,  d i s t i l l a t i o n ,  a d s o r p t i o n  and  c r y s t a l l i s a t i o n ,  t h e  
l a t t e r  b e i n g  r a r e l y  u s e d  e x c e p t  i n  t h e  p u r i f i c a t i o n  o f  h i g h e r  
m o l e c u l a r  w e i g h t  a r o m a t i c s  s uch  a s  n a p h t h a l e n e .  I n  p r a c t i c e ^ a  
c o m p le t e  s e p a r a t i o n  p rogramm e,  w h e t h e r  i t  i s  on a p u r e l y  
a n a l y t i c a l  o r  i n d u s t r i a l  b a s i s ,  i s  u s u a l l y  a  c o m b i n a t i o n  o f  
two o r  more o f  t h e s e  i n d i v i d u a l  t e c h n i q u e s .
D i s t i l l a t i o n  i s  a l m o s t  u n i v e r s a l l y  u s e d  i n i t i a l l y  t o  
s e p a r a t e  t a r  i n t o  a  s e r i e s  o f  f r a c t i o n s .  However ,  o n l y  
a p p r o x i m a t e l y  h a l f  t h e  t a r  can  be s e p a r a t e d  by t h i s ,  method  
s i n c e  above  ^-00°C a p i t c h  r e s i d u e  r e m a i n s  w hich  on f u r t h e r  
h e a t i n g  w i l l  n o t  d i s t i l  b u t  fo rm s  a c o k e .  High m o l e c u l a r  
w e i g h t  m a t e r i a l  i s  formed by p o l y m e r i s a t i o n  o f  u n s t a b l e  s p e c i e s  
d u r i n g  d i s t i l l a t i o n  and  h i g h e r  y i e l d s  o f  v o l a t i l e  p r o d u c t s  c a n  
be  a c h i e v e d  by vacuum o r  ' s t e a m '  d i s t i l l a t i o n .
C o n t i n u o u s  t a r  s t i l l s ( 7 8 )  a r e  u s e d  on t h e  i n d u s t r i a l  s c a l e  
t o  a c h i e v e  t h e  f r a c t i o n a t i o n  o f  c o a l  t a r ,  b u t j i n  g e n e r a l ,  s i m p l e  
d i s t i l l a t i o n  d o e s  n o t  g i v e  a  h i g h  y i e l d  o f  p u r e  c o m p o n e n t s , s u c h  
a s  b e n z e n e  and  t o l u e n e ^ w h e n  a p p l i e d  t o  c o a l  t a r  f r a c t i o n s .  I n  
t h e s e  c a s e s  i t  i s  n e c e s s a r y  t o  u s e  a z e o t r o p i c  o r  e x t r a c t i v e  
d i s t i l l a t i o n  a s  u s e d  i n  t h e  p e t r o l e u m  i n d u s t r y .  An example  i s  
t h e  u s e  o f  p h e n o l  a s  a  s o l v e n t  i n  e x t r a c t i v e  d i s t i l l a t i o n  t o  
im prove  t h e  y i e l d  and  p u r i t y  o f  b e n z e n e  from t h e  n e u t r a l  o i l  
f r a c t i o n (  79) .
S o l v e n t  e x t r a c t i o n  i s  w i d e l y  u s e d  b o t h  on l a b o r a t o r y  and
c
i n d u s t r i a l  s c a l e ;  e x t r a c t i o n  o f  m a t e r i a l  from c o a l  u s i n g  
v a r i o u s  s o l v e n t s  h a s  b e e n  m e n t i o n e d  i n  S e c t i o n  3* 2 .  and  
t h e  same t e c h n i q u e s  a s  u s e d  by W h e e le r  and  F i s c h e r  can  be  
a p p l i e d  t o  c o a l  t a r s .
The mos t  w i d e l y  u s e d  i n d u s t r i a l  p r o c e s s  i n v o l v e s  c o n t a c t i n g  
c o a l  t a r  w i t h  c a u s t i c  s o d a ,  t h e  sod ium  p h e n o x i d e  fo rm ed  i s  w a t e r  
s o l u b l e  and  s e p a r a t i o n  o f  t h i s  p h a s e  f o l l o w e d  by  d e c o m p o s i t i o n  
o f  t h e  p h e n o x i d e  w i t h  c a r b o n  d i o x i d e  o r  m i n e r a l  a c i d  r e l e a s e s  
t h e  t a r  a c i d s .  T h i s  p r o c e s s  h a s  i t s  d i s a d v a n t a g e s  i n  t h a t  t a r  
■ a c i d - a l k a l i  m i x t u r e s  h a v e  some s o l v e n t  power  f o r  t a r  b a s e s ( 80) 
and  t h e r e f o r e  c o m p l e t e  s e p a r a t i o n  i s  n o t  a c h i e v e d .  F i s h e r  an d  
E i s n e r ( 8 l ) hav e  r e v i e w e d  t h e  m e th o d s  a v a i l a b l e  f o r  d e t e r m i n a t i o n  
and  s e p a r a t i o n  o f  t a r  a c i d s  by ' a c i d / a l k a l i 1 m e t h o d s .  I n  s e a r c h  
o f  a  new, more eco n o m ic ,  p r o c e s s  w hich  can  be o p e r a t e d  
c o n t i n u o u s l y  e s p e c i a l l y  on low t e m p e r a t u r e  t a r s  w h ich  c o n t a i n  
h i g h  c o n c e n t r a t i o n s  o f  t a r  a c i d s ,  many w o r k e r s  have  i n v e s t i g a t e d
t h e  u s e  o f  a  wide  r a n g e  o f  s o l v e n t s  and  s o l v e n t  m i x t u r e s ,  and  
much o f  t h i s  work h a s  b e e n  r e v i e w e d  by  H a r r i s ( 5  ) .
A c o n s i d e r a b l e  vo lum e o f  work  h a s  been  c a r r i e d  o u t  u s i n g  
v a r i a t i o n s  o f  t h e  M e t a s o l v a n  P r o c e s s ( 8 2 )  u s i n g  an  a q u e o u s  a l c o h o l  
o r  g l y c e r o l - t y p e  s o l v e n t .  I t  h a s  g e n e r a l l y  b e e n  f o u n d  t h a t  t h e  
t a r  a c i d  f r a c t i o n  i s  a l w a y s  c o n t a m i n a t e d  t o  a c e r t a i n  d e g r e e  
w i t h  t a r  b a s e s  a l t h o u g h  N e u w o r t h ( 8 3 )  h a s  s u g g e s t e d  t h a t  s t r o n g  
b a s e  and  a c i d  r e s i n s  c a n  c o m p l e t e l y  s e p a r a t e  a c i d s  and  b a s e s  i n  . 
t h e  c o a l  t a r  a c i d  f r a c t i o n .
I n v e s t i g a t i o n s  i n t o  t h e  u s e  o f  mixed  s o l v e n t s  h a v e  l e d  t o  
a  c o n t i n u o u s  d o u b le  s o l v e n t  r e f i n i n g  p r o c e s s © ^ )  i n  w h ich  low 
t e m p e r a t u r e  t a r  i s  c o n t a c t e d  w i t h  m e t h y l  a l c o h o l  and  h e x a n e  a t  
73 -  125° C and  20 a t m o s .  a f t e r  w h ich  t h r e e  p h a s e s  a r e  fo rm e d ;  an  
i n m i s c i b l e  p i t c h  r e s i d u e  c o n t a i n i n g  b a s e s ,  m e t h y l  a l c o h o l  
c o n t a i n i n g  t a r  a c i d s ,  and  h e x a n e  p h a s e  c o n t a i n i n g  n e u t r a l  o i l s .
S e p a r a t i o n  o f  n e u t r a l  o i l  i n t o  a r o m a t i c  and a l i p h a t i c  
h y d r o c a r b o n s  h a s  b e e n  t h e  o t h e r  m a j o r  f i e l d  o f  i n v e s t i g a t i o n .  
F r a n c i s ( 8 5 ) h a s  r e v i e w e d  t h e  s e l e c t i v i t y  o f  a  number o f  s o l v e n t s  
f o r  v a r i o u s  t y p e s  o f  h y d r o c a r b o n s .  A d ju s tm e n t  o f  s o l v e n t  pow er  
i s  an  i m p o r t a n t  f a c t o r  and  t h e  u s e  o f  p r o -  and  a n t i j s o l v e n t s  h a s  
r e c e i v e d  some a t t e n t i o n .  F o r  i n s t a n c e  b u t y r o l a c t o n e  w a t e r  
m i x t u r e s  have  b e e n  u s e d ( 8 6 ) t o  a c h i e v e  s e p a r a t i o n s  t o  g i v e  a- 
r a f f i n a t e  c o n t a i n i n g  98% a l i p h a t i c s  and  an  e x t r a c t  c o n t a i n i n g  
97% a r o m a t i c s .
I t  i s  i n t e r e s t i n g  t o  n o t e  t h e  u s e  o f  l i q u e f i e d  g a s e s ;  
l i q u i d  s u l p h u r  h a s  b e e n  u s e d  t o  s e p a r a t e  a r o m a t i c s  f rom h y d r o -
c a r b o n  m i x t u r e s  and  F e n s k e ( 87) h a s  u s e d  l i q u i d  ammonia i n  
c o n j u n c t i o n  w i t h  m o n o e th y la m in e  and  w a t e r  to  a d j u s t  i t s  s o l v e n t  
pow er .  R e c e n t l y ,  Y o s h i d a ( 8 8 ) h a s  u s e d  l i q u e f i e d  p e t r o l e u m  g a s  
a t  20°  C t o  s e p a r a t e  p i t c h  from h i g h  t e m p e r a t u r e  c a r b o n i s a t i o n  
t a r .  A n t h r a c e n e  and  h e a v y  o i l  were  l e f t  u n e x t r a c t e d  i n  t h e  
p i t c h  w h ich  c o n s e q u e n t l y  h a d  a  l o w e r  s o f t e n i n g  p o i n t  t h a n  p i t c h  
p r o d u c e d  by d i s t i l l a t i o n .
A c o m p l e t e  a n a l y t i c a l  s e p a r a t i o n  programme b a s e d  on s o l v e n t  
e x t r a c t i o n  u s i n g  a  number o f  s o l v e n t s  h a s  been  d e s c r i b e d  by 
V ah rm a n (8 9 ) .  A low t e m p e r a t u r e  t a r  was d i v i d e d  i n t o  c r u d e  
p h e n o l s  and  b a s e s ,  a l i p h a t i c ,  a r o m a t i c  and h y d r o a r o m a t i c  
h y d r o c a r b o n s  and a  n e u t r a l ,  o x y g e n - c o n t a i n i n g  a r o m a t i c  f r a c t i o n .
The f o u r  f r a c t i o n s  c o r r e s p o n d e d  c l o s e l y  t o  t h o s e  o b t a i n e d  by 
a d s o r p t i o n  c h r o m a t o g r a p h y .
A r e c e n t  a d d i t i o n  t o  t h e  f i e l d  o f  l a b o r a t o r y  c o a l  t a r  
f r a c t i o n a t i o n  h a s  b e e n  t h e  u s e  o f  G e l  P e r m e a t i o n  C h r o m a t o g r a p h y ( 9 0 ) .  
I n  t h i s  t e c h n i q u e ,  s e p a r a t i o n s  o c c u r  a s  a  com plex  f u n c t i o n  o f  
m o l e c u l a r  s i z e ,  s h a p e  and  p o l a r i t y .  F r a c t i o n a t i o n  c a n  be  
i n i t i a l l y  i n t o  a c i d s ,  b a s e s  and  n e u t r a l s  and s u b s e q u e n t l y  u s i n g  
d i f f e r e n t  s o l v e n t s  t h e s e  g r o u p s  c a n  be f r a c t i o n a t e d  on t h e  b a s i s  
o f  m o l e c u l a r  w e i g h t  v a r i a t i o n ,  t h e  s e p a r a t i o n  r a n g e  b e i n g  q u o t e d  
f rom a  m o l e c u l a r  w e i g h t  o f  100 t o  2 0 0 0 .
k . -  DESIGN OF EXPERIMENTS
The o b j e c t  o f  t h i s  e x p e r i m e n t a l  programme was  t o  d e t e r m i n e
w h e t h e r  t h e  t e c h n i q u e  o f  g a s  e x t r a c t i o n  c o u l d  be  u s e d  t o  e x t r a c t
m a t e r i a l  d i r e c t l y  from c o a l  and  a l s o  t o  f r a c t i o n a t e  r e l a t i v e l y
low m o l e c u l a r  w e i g h t  m a t e r i a l  o b t a i n e d  f rom c o a l  by
c o n v e n t i o n a l  p r o c e s s e s ,  e . g .  c a r b o n i s a t i o n  and  l i q u i d  s o l v e n t
e x t r a c t i o n .
• The s o l v e n t  power  o f  a  v a r i e t y  o f  c o m p re s s e d  g a s  h a s  b e e n
• d e t e r m i n e d  by  e a r l i e r  w o r k e r s  u s i n g  many s u b s t r a t e s .  These
i n c l u d e  h i g h  b o i l i n g  m u l t i c o m p o n e n t  s u b s t r a t e s  s u c h  a s  p e t r o l e u m
r e s i d u e s .  However, com pared  w i t h  c o a l ,  t h e  s p e c i e s  p r e v i o u s l y
e x t r a c t e d  h a v e  had  much l o w e r  m o l e c u l a r  w e i g h t s , a n d  much h i g h e r
v a p o u r  p r e s s u r e s  a t  an y  g i v e n  t e m p e r a t u r e .  •
E x t r a c t i o n  o f  c o a l  w i t h  e t h y l e n e  a t  73°C( 13 ) g a v e  e x t r e m e l y
low y i e l d s  a t  s u b s t a n t i a l  p r e s s u r e s  and t h i s  c a n  be  a t t r i b u t e d
t o  t h e  v e r y  low v a p o u r  p r e s s u r e  o f  t h e  compounds p r e s e n t  i n  c o a l
a t  t h i s  t e m p e r a t u r e .  I t  h a s  b e e n  shown a l r e a d y  t h a t  t h e  g a s
p h a s e  c o n c e n t r a t i o n  o f  a  s u b s t r a t e  i n  a  c o m p re s s e d  g a s  i s
r e l a t e d  t o  t h e  v a p o u r  p r e s s u r e  o f  t h e  s u b s t r a t e  a t  t h e
same t e m p e r a t u r e  an d  a t m o s p h e r i c  p r e s s u r e .  T h e r e f o r e ,  i n  o r d e r
t o  o b t a i n  a  h i g h  y i e l d  o f  e x t r a c t a b l e  m a t e r i a l ,  t h e  c o a l  i t s e l f
mus t  be  m o d i f i e d  t o  p r o d u c e  l o w e r  m o l e c u l a r  w e i g h t  m a t e r i a l
w h i c h >a t  a  g i v e n  t e m p e r a t u r e , p o s s e s s e s  a  s i g n i f i c a n t l y  h i g h e r
v a p o u r  p r e s s u r e  t h a n  c o a l  i t s e l f .  T h i s  c an  be  a c h i e v e d  by
b r e a k i n g  down t h e  c o a l  by  c h e m i c a l  r e a c t i o n  o r  by  t h e r m a l
d e p o l y m e r i s a t i o n .  F r a g m e n t a t i o n  o f  t h e  c o a l  m o l e c u l e  c a n  b e  
a c h i e v e d  by  h y d r o g e n a t i o n  r e a c t i o n s ;  m e th o d s  a v a i l a b l e  i n c l u d e
c a t a l y t i c  h y d r o g e n a t i o n  u s i n g  h y d r o g e n  g a s  o r  a  s o l v e n t  
e x t r a c t i o n  t e c h n i q u e  u t i l i s i n g  a  * h y d r o g e n - d o n o r 1 t y p e  s o l v e n t  
s uch  a s  t e t r a l i n  o r  t e t r a h y d r o q u i n o l i n e . S im p le  t h e r m a l  
d e p o l y m e r i s a t i o n  and  t h i s  l a t t e r  t e c h n i q u e  w ere  u s e d  i n  t h i s  
p rogramme.
4 . 1 .  O p e r a t i n g  C o n d i t i o n s  c
I t  was  a p p a r e n t  t h a t  i t  would  be  n e c e s s a r y  t o  c a r r y  o u t  
e x t r a c t i o n s  a t  low t e m p e r a t u r e s  (■<, 1 0 0 ° C ) ' on low m o l e c u l a r  w e i g h t  
s u b s t r a t e s  an d  a l s o  a t  c o n s i d e r a b l y  h i g h e r  t e m p e r a t u r e s  a t  -'which 
c o a l  b e g i n s  t o  d e p o l y m e r i s e .  I n v e s t i g a t i o n s  i n v o l v i n g  t h e  
vacuum d i s t i l l a t i o n  o f  c o a l  h a v e  shown t h a t  c o n s i d e r a b l e  b r e a k ­
down o c c u r s  w i t h  mos t  r a n k s  o f  c o a l  i n  t h e  t e m p e r a t u r e  r a n g e .
300 to.4-00°C..  F u r t h e r  i n c r e a s e  i n  t e m p e r a t u r e  r e s u l t s  i n  t h e  
f o r m a t i o n  o f  i n c r e a s i n g  q u a n t i t i e s  o f  g a s  and  h e n c e  a  maximum 
w o r k in g  t e m p e r a t u r e  o f  400°C was e n v i s a g e d .
The m a g n i f i c a t i o n  o f  v a p o u r  p r e s s u r e  i s  a  f u n c t i o n  o f  g a s  
p r e s s u r e , a n d  a t  low  r e d u c e d  t e m p e r a t u r e s  ( < 1 . 1 0 ) a  n o t i c e a b l e  
m a g n i f i c a t i o n  i s  fo u n d  a t  p r e s s u r e s  ab o v e  700 p . s . i .  H o w e v e r , 
t h e  i n c r e a s e  i n  g a s  p h a s e  c o n c e n t r a t i o n  o f  a  s u b s t r a t e  w i t h  
p r e s s u r e  i s  n o t  l i n e a r ,  s e e  F i g u r e  5 ,  t h e  g r e a t e s t  i n c r e a s e  
o f t e n  b e i n g  n o t e d  b e t w e e n  700 and  1300 p . s . i .  O t h e r  i n v e s t i g a t o r s  
o f  m u l t i c o m p o n e n t  s y s t e m s  h a v e  g e n e r a l l y  o p e r a t e d  a t  p r e s s u r e s  
up t o  5000  p . s . i .  a l t h o u g h  Y u s h k e v ic h (  20 ) w orked  up to  
12000 p . s . i .  O p e r a t i n g  t e m p e r a t u r e s  d u r i n g  t h e s e  e x t r a c t i o n s  
w ere  u s u a l l y  l e s s  t h a n  3 0 0 ° F .
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FIG. 5 SOLUTION OF
P-IODOCH LOR BENZENE IN
ETHYLENE AT 2 5 ° C  fa)
I t  was t h e r e f o r e  d e c i d e d  t o  im p o se  a  p r e s s u r e  l i m i t  o f  
6000 p . s . i .  on t h e  low t e m p e r a t u r e  e x t r a c t i o n s 0 The c o s t  o f  
p r e s s u r e  v e s s e l s  t o  w i t h s t a n d  s uch  p r e s s u r e s  a t  ^ 00 ° C , e s p e c i a l l y  i n
a  c o m m e rc i a l  s c a l e  p l a n t  w ould  be  e x t r e m e l y  h i g h  and  t h e r e f o r e  
f o r  t h e  i n i t i a l  i n v e s t i g a t i o n s  i t  was d e c i d e d  t o  im pose  a  
l i m i t a t i o n  o f  2000  p . s . i .
4 . 2 .  N a t u r e  o f  t h e  M e a s u re m e n ts
I t  was n e c e s s a r y  t o  make two b a s i c  d e t e r m i n a t i o n s . .  F i r s t  
t h e  v a l u e  o f  t h e  g a s  p h a s e  c o n c e n t r a t i o n  o f  e x t r a c t e d  m a t e r i a l  
on a  w e i g h t / u n i t  w e i g h t  o r  w e i g h t / u n i t  volume b a s i s ;  t h e s e  
d e t e r m i n a t i o n s  had  t o  be  made o v e r  a  w ide  r a n g e  o f  o p e r a t i n g  
c o n d i t i o n s  i n c l u d i n g  t e m p e r a t u r e ,  p r e s s u r e ,  a t  v a r i o u s  l e v e l s  
o f  s t r i p p i n g  o f  t h e  m u l t i c o m p o n e n t  s u b s t r a t e .  The s e c o n d  
d e t e r m i n a t i o n  was t h a t  o f  t h e  o v e r a l l  y i e l d  o f  s o l u b l e  m a t e r i a l  
f rom a  g i v e n  s u b s t r a t e .  S u b s e q u e n t l y ^ a n a l y s i s  o f  t h e  e x t r a c t e d  
m a t e r i a l s  and  r e s i d u e s  was r e q u i r e d  t o  d e t e r m i n e  how t h e  e x t r a c t s  
d i f f e r e d  i n  c o m p o s i t i o n  a n d ^ i f  p o s s i b l e / t o  i d e n t i f y  s p e c i f i c  
c o m p o n e n t s .
S i n c e  t h e  o b j e c t  o f  t h e  s t u d y  was t o  d e t e r m i n e  c o n d i t i o n s  
u n d e r  w h ich  s u b s t a n t i a l  ( > 1% b y ' w e i g h t )  g a s  p h a s e  c o n c e n t r a t i o n s  
w ere  a c h i e v e d  s t a t i c  d e t e r m i n a t i o n s  were  made.  A ls o  i t  was o n l y  
n e c e s s a r y  t o  d e t e r m i n e  g a s  p h a s e  c o m p o s i t i o n s  s i n c e  t h e  d e g r e e  
o f  s t r i p p i n g  o f  t h e  s u b s t r a t e  w a s  t o  be  d e t e r m i n e d  v i a  mass  b a l a n c e  
c a l c u l a t i o n s .
I t  was  n e c e s s a r y  t o  i s o l a t e  an  e q u i l i b r i u m  s am p le  o f  g a s
p h a s e  f rom t h e  s y s t e m  c a u s i n g  a s  l i t t l e  d i s t u r b a n c e  a s  p o s s i b l e
* *
and t h e n  t o  i s o l a t e  t h e  e x t r a c t e d  m a t e r i a l  f rom t h e  g a s .  S i n c e  
a  l a r g e  number o f  d e t e r m i n a t i o n s  h a d  t o  be  made on t h e  same 
s u b s t r a t e  i t  was n e c e s s a r y  t o  be  a b l e  t o  r e p l e n i s h  t h e  s y s t e m  
q u i c k l y  and  e a s i l y  w i t h  g a s  u n d e r  c o n d i t i o n s  s i m i l a r  t o  t h o s e  
i n  t h e  e q u i l i b r i u m  s y s t e m .  The a n a l y s e s  r e q u i r e d  d e p e n d e d  on 
t h e  t y p e  o f  e x t r a c t i o n  u s e d .  F o r  exam ple  t h e  m a t e r i a l  e x t r a c t e d  
d i r e c t l y  f rom c o a l  a t  h i g h  t e m p e r a t u r e  was l i k e l y  t o  c o n s i s t  o f  
a  v e r y  complex m i x t u r e  o f . c o m p o u n d s  and  o n l y  g e n e r a l  a n a l y s i s  
’s u c h  a s  s o f t e n i n g  p o i n t ,  m o l e c u l a r  w e i g h t  and  u l t i m a t e  a n a l y s i s  
was f e a s i b l e .  Low t e m p e r a t u r e  e x t r a c t i o n  a imed a t  f r a c t i o n a t i o n  
r e q u i r e d  i d e n t i f i c a t i o n  o f  s p e c i f i c  compounds an d  a n a l y s i s  by  
g a s  l i q u i d  c h r o m a t o g r a p h y  was r e q u i r e d .  -
4 . 3 . C ho ic e  o f  M a t e r i a l s
4 . 3 . 1 .  S u b s t r a t e s
T h r e e  s u b s t r a t e s  w ere  c h o s e n  t o  r e p r e s e n t  low  m o l e c u l a r
(s>
w e i g h t  c o a l  d e r i v e d  m a t e r i a l .  (S ee  A pp en d ix  % ) .  The f i r s t  
was a  h i g h  t e m p e r a t u r e  co k e  oven  t a r .  The s e c o n d  was a  p i t c h  
p r o d u c e d  by  t h e  d i s t i l l a t i o n  o f  t h i s  same t a r  i n  a  c o m m e r c i a l  
s t i l l .  The t h i r d  was  a  ' c o a l  e x t r a c t 1 p r o d u c e d  by  t h e  s o l v e n t  
e x t r a c t i o n  o f  a  low  r a n k  c o a l  (C .R .C .  802)  u s i n g  t e t r a l i n  a s  
s o l v e n t .  A number  o f  d i f f e r e n t  c o a l s  were  c h o s e n  t o  c o v e r  t h e  
r a n g e  f rom a n t h r a c i t e  t o  a  s u b - b i t u m i n o u s  c o a l .
4 . 3 . 2 .  S o l v e n t s
E q u i l i b r i u m  d a t a  f o r  a  l a r g e  number  o f  s y s t e m s  i n v o l v i n g  
a  s u p e r c r i t i c a l  componen t  w i t h  a  r e l a t i v e l y  l o w . c r i t i c a l
t e m p e r a t u r e  have  b e e n  r e p o r t e d  i n  l i t e r a t u r e  an d  t h e r e f o r e  some 
i n d i c a t i o n  o f  t h e  s o l v e n t  power  o f  a  l a r g e  number  o f  g a s e s  was 
a l r e a d y  a v a i l a b l e .  E t h y l e n e  h a s  b e e n  shown t o  be a  good ' s o l v e n t *  
f o r  n a p h t h a l e n e ( 1 4  ) w h ic h  i s  p r e s e n t  i n  a p p r e c i a b l e  
q u a n t i t i e s  i n  h i g h  t e m p e r a t u r e  coke  oven  t a r .  I t  was  t h e r e f o r e  
t h e  o b v i o u s  c h o i c e  f o r  a  lo w  t e m p e r a t u r e  e x t r a c t a n t .
V ery  l i t t l e  work,  however, h a s  b e e n  c a r r i e d  o u t  u s i n g  
s o l v e n t s  w i t h  h i g h  c r i t i c a l  t e m p e r a t u r e s ^ e s p e c i a l l y  on c o a l  
s y s t e m s ^ a n d  no o b v i o u s  c h o i c e  p r e s e n t e d  i t s e l f .  I n  c h o o s i n g  
p o s s i b l e  s o l v e n t s  t h e  f o l l o w i n g  c o n s i d e r a t i o n s  c a n  be  em p loyed ;
( i )  The c r i t i c a l  t e m p e r a t u r e  s h o u l d  be j u s t  b e lo w
t h e  e x t r a c t i o n  t e m p e r a t u r e  so t h a t  t h e  v a l u e  
o f  t h e  r e d u c e d  t e m p e r a t u r e  i s  a  minimum.
T h e r e f o r e  t h e  c r i t i c a l  t e m p e r a t u r e  o f  t h e
n e c e s s a r y  s o l v e n t  s h o u l d  be  i n  t h e  r a n g e
250  - 4 0 0 ° C .
( i i )  T h e r e  i s  a  d i s t i n c t  p o s s i b i l i t y  t h a t  t h o s e
s o l v e n t s  w h ic h  a c t  a s  good s o l v e n t s  f o r  c o a l
and  c o a l  d e r i v e d  m a t e r i a l  i n  t h e  l i q u i d  p h a s e
w i l l  a c t  r e l a t i v e l y  w e l l  i n  t h e  g a s e o u s  s t a t e .
. ( i i i )  I t  i s  n e c e s s a r y  t h a t  t h e  s o l v e n t  s h o u l d  be
s t a b l e  a t  e l e v a t e d  e x t r a c t i o n  t e m p e r a t u r e s
e x c e p t  w here  s u c h  b e h a v i o u r  i s  b e n e f i c i a l ,  a s
i n  t h e  c a s e  o f  h y d r o g e n  d o n o r  s o l v e n t s .
( i v )  Note  s h o u l d  be  t a k e n  o f  t h e  a v a i l a b i l i t y  o f
t h e  s o l v e n t  w h ich  c o u l d  o b v i o u s l y  a f f e c t  i t s  
c o m m e rc i a l  u t i l i t y .
I n  f a c t  t h e  c r i t i c a l  t e m p e r a t u r e  r e q u i r e m e n t  g r e a t l y  l i m i t s  
the* c h o i c e  o f  s o l v e n t s  w h ich  may be  u s e d .  A u s e f u l  r e v i e w  o f  
c r i t i c a l  d a t a  f o r  a  w ide  r a n g e  o f  o r g a n i c  compounds i s  g i v e n  
by  K u d c h a d k e r ( 91 ) and  some p o s s i b l e  s o l v e n t s  a r e  l i s t e d  i n  
T a b l e  3 .
T a b l e  3*
Compound C r i t i c a l  Temp °C C r i t i c a l  P r e s s u r e  p . s . i .
n -Nonane 3 2 1 . 4 335
C y c lo h ex an e 2 8 0 . 3 590
C y c l o h e x a n o l 3 5 2 . 0 544
Benzene 2 8 8 . 9 710
T o lu e n e 3 1 8 .6 596
1 -H e x a n o l 3 3 7 . 0 -
A cetone 2 3 5 . 0 682
T e t r a h y d r o f u r a n 2 6 8 .0 753
P y r i d i n e 3 4 6 . 8 817
0 -X y le n e 3 5 7 .1 541
T h e r e  was no p o s s i b i l i t y  o f  u s i n g  t h o s e  s o l v e n t s  w h ich  c a n  
a c t  a s  h y d r o g e n  d o n o r s , e . g .  t e t r a l i n , s i n c e  t h e y  h a v e  e x t r e m e l y  
h i g h  c r i t i c a l  t e m p e r a t u r e s .
4» 4 .  S y s te m s  I n v e s t i g a t e d
T h re e  e x p e r i m e n t a l  u n i t s  were  u s e d  d u r i n g  t h e s e  
i n v e s t i g a t i o n s  a s  d e s c r i b e d  i n  S e c t i o n  3 .  The s y s t e m s  
i n v e s t i g a t e d  i n  each  u n i t  a r e  d e s c r i b e d  b e lo w .
4 . 4 . 1 .  U n i t  One
I n  o r d e r  t o  c h e c k  t h e  p r o p o s e d  e x p e r i m e n t a l  t e c h n i q u e  a 
number o f  t r i a l  d e t e r m i n a t i o n s  were  made on t h e  s y s t e m
N a p h t h a l e n e / E t h y l e n e .  A l a r g e  amount o f  e q u i l i b r i u m  d a t a  i s  
a v a i l a b l e ( l 4  ) ( 9 3  ) a l l o w i n g  c o m p a r i s o n s  t o  be made.  H av ing  
p r o v e d  t h e  s u i t a b i l i t y  o f  t h e  t e c h n iq u e . ,  a  coke oven  t a r  was 
c o n t a c t e d  w i t h  e t h y l e n e  i n  t h i s  same e q u ip m en t  a f t e r  m in o r  
m o d i f i c a t i o n s  had  b e e n  made.
4 . 4 . 2 .  U n i t  Two
C o m m iss ion ing  e x p e r i m e n t s  were  c a r r i e d  o u t  u s i n g  t h e  low  
m o l e c u l a r  w e i g h t  c o a l  e x t r a c t  m a t e r i a l .  T hese  e x p e r i m e n t s  
p r o v i d e d  u s e f u l  d a t a  f o r  c o m p a r i s o n  w i t h  l a t e r  w ork  c o n c e r n i n g  
t h e  d i r e c t  e x t r a c t i o n  o f  c o a l  u n d e r  s i m i l a r  c o n d i t i o n s .  Two 
s o l v e n t s  w ere  c h o s e n  f o r  t h e s e  p r e l i m i n a r y  e x p e r i m e n t s ;  
t o l u e n e ^ b e c a u s e  i t  i s  a  m e d i o c r e  s o l v e n t  f o r  c o a l  e x t r a c t ^ a n d  
t e t r a h y d r o f u r a n  ( T . H . F . ) b e c a u s e  i t  i s  a  v e r y  good s o l v e n t  f o r  
t h i s  t y p e  o f  m a t e r i a l .
The s y s t e m  c o a l  t a r  p i t c h / a c e t o n e  was t h e n  i n v e s t i g a t e d  
t o  i l l u s t r a t e  how t h e  f r a c t i o n a t i o n  o f  c o a l  t a r  u s i n g  e t h y l e n e ,  
w h ich  was  a p o o r  s o l v e n t  f o r  p i t c h ,  c o u l d  be  e x t e n d e d  u s i n g  a  
s o l v e n t  w i t h  a  h i g h e r  c r i t i c a l  t e m p e r a t u r e .  F i n a l l y  c o a l  was  
c o n t a c t e d  w i t h  t e t r a h y d r o f u r a n  a t  two t e m p e r a t u r e s ,3 0 0  and  
360°C.  The c o a l  u s e d  was a  C .R .C .  802 w i d e l y  u s e d  i n  p r e v i o u s  
s o l v e n t  e x t r a c t i o n  e x p e r i m e n t s  a t  t h e  C oa l  R e s e a r c h  
E s t a b l i s h m e n t .
4 . 4 . 3 .  U n i t  T h re e
The r e s u l t s  o b t a i n e d  u s i n g  U n i t  Two p r o m p te d  t h e  u s e  o f  
a  l a r g e r  a u t o c l a v e  s y s t e m  f o r  f u r t h e r  i n v e s t i g a t i o n s .  T h i s  
u n i t  made i t  p o s s i b l e  t o  c a r r y  o u t  t h e  d e p o l y m e r i s a t i o n  o f
c o a l  u s i n g  t e t r a l i n  a s  s o l v e n t ,  f o l l o w e d  by g a s  e x t r a c t i o n  o f  
t h e  . s o l u b i l i s e d  c o a l  u s i n g  a  number o f  s o l v e n t s  a t  s i m i l a r  
r e d u c e d  t e m p e r a t u r e s .  E q u i l i b r i u m  g a s  p h a s e  c o n c e n t r a t i o n  o f  
c o a l  m a t e r i a l  c o u l d  n o t  b e  made,  t h e  o b j e c t  b e i n g  t o  d e t e r m i n e  
b h e  o v e r a l l  y i e l d  o b t a i n a b l e  i n  a  number o f  s u c c e s s i v e  
e x t r a c t i o n s , d u r i n g  w h ich  t h e  p r e s s u r e  was  r e d u c e d  f rom 
1500 p . s . i . g .  t o  a t m o s p h e r i c .  D e p o l y m e r i s e d  c o a l ,  p r o d u c e d  i n  
s i t u ,  was  e x t r a c t e d  w i t h  a c e t o n e ,  T . H . F .  and  t o l u e n e .  The work 
' i n i t i a t e d  on U n i t  Two on t h e  d i r e c t  e x t r a c t i o n  o f  c o a l  was 
e x t e n d e d  u s i n g  t h i s  e q u i p m e n t  and a l l  t h e  s y s t e m s  i n v e s t i g a t e d  
a r e . su m m a r i s ed  i n  T a b l e  4 .  (A lso  s e e . A p p e n d i x  6 ) .
Table 4 •
U n i t S u b s t r a t e S o lv e n t
C r i t i c a l ’ 
Temp.
O pera t ing
Temp.
O p e ra t in g
P r e s s u r e
°C . °C p . s . i . g .
One Naphthalene  
Coal  t a r
E th y len e
E th y len e
9*7
9 .7
2 3 - ^ 3  
23 - 1 0 0
2 1 2 0 - 3 3 3 0  
1300 -  4300
'Two Coal e x t r a c t  
Coal e x t r a c t
T.H.F.
Toluene
2 6 8 .0
318 .6
293
340
900 -  1300 
700 -  1300
C.R.C .
c o a l
302 t . h . f ; 26 8 .0 300 -  360 —- 1300
Coal t a r  
p i t c h Acetone 233*0 230 ^  1300
Three Depolymerised
c o a l Toluene 31806 343 -  330 ^  1300
Depolymerised
c o a l
Depolymerised
c o a l
Acetone
T.H.F.
233*0
268 .0
263
295 -  315
^ .1300
*^1500
C.R.C.
c o a l
802 Toluene 318*6 320 -  4oo ^.1300
C.R.C.
c o a l
802 0 -Xylene 337.1 380 ^ 1 3 0 0
>
C.R.C.
c o a l
802 P y r i d i n e 346.8 380 ~  1300
- C.R.C.
c o a l
201 Toluene 31 8 .6 380 •v.1300
C.R.C.
c o a l
502 Toluene 318 .6 380 ^ 1 3 0 0
C.R.C.
c o a l
602 Toluene 31806 380 - u 1300
C.R.C.
c o a l
702 Toluene 3 18 .6 380 ^ 1 5 0 0
C.R.C.
c o a l
902 Toluene 3 18 .6 380 ^ 1 5 0 0
3 .  APPARATUS
The b a s i c  r e q u i r e m e n t s  f o r  t h e  eq u ip m en t  w ere  d e f i n e d  i n  
S e c t i o n  4 .  I n  o r d e r  t o  o p e r a t e  o v e r  a  wide t e m p e r a t u r e  r a n g e  
two p i e c e s  o f  eq u ip m e n t  w ere  c o n s t r u c t e d ;  one was u s e d  up t o  
e x t r a c t i o n  t e m p e r a t u r e  o f  100°C>w h i l s t  t h e  o t h e r  o p e r a t e d  up 
t o  400°C.  S i n c e  r e m o v a l  o f  a n  e q u i l i b r i u m  s am p le  u n d e r  
i s o b a r i c  c o n d i t i o n s  p o s e d  d i f f i c u l t i e s  a t  400°Cyt h i s  f a c i l i t y  
was o m i t t e d  f rom t h e  h i g h  t e m p e r a t u r e  u n i t .  A t h i r d  p i e c e  o f  
eq u ip m e n t  w h ich  was em ployed  was a  s p e c i a l i s e d  s t i r r e d  b a t c h  
a u t o c l a v e .  T h i s  u n i t  was u s e d  t o  c o n t a c t  r e l a t i v e l y  l a r g e  
q u a n t i t i e s  o f  c o a l  and  c o a l  d i g e s t  m a t e r i a l  ( 1 k g )  w i t h
s o l v e n t  and  y i e l d e d  s u f f i c i e n t  e x t r a c t  and  r e s i d u e  t o  c a r r y  o u t  
e x t e n s i v e  a n a l y t i c a l  s t u d i e s .
A - d e t a i l e d  d e s c r i p t i o n  o f  ea c h  u n i t  i s  g i v e n  b e l o w .  None 
o f  t h e  u n i t s  was o r i g i n a l l y  d e s i g n e d  by  t h e  a u t h o r ,  h o w e v e r ,  
a d j u s t m e n t s  t o  t h e  d e s i g n  were  made d u r i n g  t h e  c o n s t r u c t i o n  o f  
u n i t  two and some m o d i f i c a t i o n s  t o  u n i t s  one an d  two w ere  made, 
d u r i n g  c o m m is s io n in g  e x p e r i m e n t s .
5 . 1 .  U n i t  One
T h i s  u n i t  was made by  P r e s s u r e  P r o d u c t s  I n d u s t r i e s  L t d .  
an d  was d e l i v e r e d  a s  a  c o m p l e t e  u n i t  o n l y  r e q u i r i n g  t h e .  
c o n n e c t i o n  o f  e s s e n t i a l  s e r v i c e s  b e f o r e  u s e .  A f l o w s h e e t  i s  
shown i n  F i g u r e  6 .
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5 . 1 . 1 .  The C o m p re s s io n  Sys tem
T h i s  c o n s i s t e d  o f  a  t w o - s t a g e  t r i p l e - d i a p h r a g m  c o m p r e s s o r ,  
d r i v e n  by a  1 .5  h . p .  e l e c t r i c  m o to r^ m o u n te d  o u t s i d e  t h e  c a b i n e t .  
The c o m p r e s s o r  was f e d  w i t h  p r o c e s s  g a s  from c y l i n d e r s  o u t s i d e  
t h e  p r e s s u r e  l a b o r a t o r y  and  c o u l d  be  c o n t r o l l e d  e i t h e r  m a n u a l l y  
o r  a u t o m a t i c a l l y  by means  o f  a  p r e s s u r e  s w i t c h .  W ith  a  s u c t i o n  
p r e s s u r e  o f  80 p s i g  and  d i s c h a r g e  p r e s s u r e  f rom t h e  s e c o n d  s t a g e  
5000  p s i g  t h e  u n c o m p re s s e d  g a s  f lo w  was a p p r o x i m a t e l y  115  l i t r e s  
h o u r .
5 . 1 . 2 .  The E q u i l i b r i u m  V e s s e l  and  S t i r r i n g  Mechanism
The e q u i l i b r i u m  v e s s e l  was m a n u f a c t u r e d  f rom a n n e a l e d  
EN 58 J  s t a i n l e s s  s t e e l  w i t h  a  50% s a f e t y  f a c t o r .  I t  c o n s i s t s  
o f  a  t w o - l i t r e  c a p a c i t y  c y l i n d e r  w i t h  a  g a s k e t - s e a l e d  c l o s u r e  
a t  e a c h  en d ;  a  s t a i n l e s s  s t e e l  l i n e r ,  which  c o n t a i n e d  t h e  
s u b s t r a t e ^ f i t t e d  i n t o  t h e  b a s e  and  t h e  s t i r r e r  g l a n d  body  was  
s e a l e d  i n t o  t h e  t o p .  The v e s s e l  was  h e a t e d  by means  o f  t e n  
300  w a t t  s t r i p  h e a t e r s ,  s e c u r e d  t o  t h e  o u t e r  w a l l  w i t h  an  a l l o y  
r e t a i n i n g  s t r a p .  T hese  h e a t e r s  w e re  c o n n e c t e d  i n  p a r a l l e l  a n d  
c o n t r o l l e d  by  a  s i n g l e  ’o n - o f f '  t y p e  e n e r g y  c o n t r o l l e r .
The s e a l i n g  g a s k e t s  f o r  t h e  e n d - c l o s u r e s  c o n s i s t e d  o f  a
s p i r a l  s a n d w ic h  o f  s t a i n l e s s  s t e e l  an d  P . T . F . E .  w h ic h  p r e s e n t e d
a  s e r i e s  o f  s e a l i n g  e d g e s  a c r o s s  i t s  s u r f a c e .  S i m i l a r  g a s k e t s
were  u s e d  t o  s e a l  b o t h  t h e  s t i r r i n g  g l a n d  and  t h e  l i n e r  body
i n t o  t h e  v e s s e l  body ,  F i g u r e  7 • The g a s k e t  was p o s i t i o n e d
on t h e  l i n e r  b a s e  ( a )  and  t h e  u n i t  was t h e n  p u s h e d  i n t o  t h e  b a s e
o f  t h e  v e s s e l  ( b ) .  The r i n g  ( c )  was s c r e w e d  i n  u n t i l  f i n g e r -  
t i g h t  t o  s u p p o r t  t h e  l i n e r  and  p r e s s u r e  p l a t e  ( d ) .  Thus by
tO
UJ
( O
u>
h *
o
Li-
c a r e f u l l y  t i g h t e n i n g  t h e  p r e s s u r e  s c r e w s  ( e )  t h e  g a s k e t  was 
f i n a l l y  c o m p re s s e d  u n t i l  t h e  s y s t e m  h e l d  p r e s s u r e .
The c o n t e n t s  o f  t h e  v e s s e l  were  a g i t a t e d  by  means  o f  a  
w a t e r - c o o l e d  s t i r r e r  d r i v e n  by a  '1 .5  h . p .  e l e c t r i c  m o t o r .
The d r i v e  was v i a  a  v a r i a b l e  s p e e d  C a r t e r  g e a r b o x  (0 -  100 r e v s ,  
p e r  m i n u t e )  and  t h e  d i a m e t e r  s t a i n l e s s  s t e e l  s h a f t  r e a c h e d  
t o  w i t h i n  Tf" o f  t h e  b a s e  o f  t h e  l i n e r .  The d r i v e  s h a f t  was 
d r i l l e d  f o r  t h e  l e n g t h  o f  t h e  p a c k i n g  and  e q u i p p e d  w i t h  a 
r o t a r y  s e a l  t o  c i r c u l a t e  c o o l i n g  w a t e r .
;The s t u f f i n g  box was p a c k e d  w i t h  two s e t s  o f  T e f l o n -  
A s b e s t o s  e n d l e s s  r i n g s .  I n  o r d e r  t o  s e a l  t h i s  s t u f f i n g  g l a n d  . 
a  ‘b a l a n c e d  l u b r i c a t i o n '  s y s t e m  was em ployed ,  i n  w h ich  g a s  
p r e s s u r e  f rom w i t h i n  t h e  s y s t e m  was a p p l i e d  t o  a c y l i n d e r  ■ 
f i t t e d  w i t h  a  p i s t o n ^ w h i c h  i s o l a t e s  o i l  from t h e  p r o c e s s  g a s .
A r o d  was f a s t e n e d  t o  t h e  o i l  end c o v e r  o f  t h e  c y l i n d e r  w h ich  
r e d u c e d  t h e  e f f e c t i v e  a r e a  o f  t h e  o i l - s i d e  o f  t h e  p i s t o n ,  
t h e r e b y  i n t e n s i f y i n g  t h e  p r e s s u r e  i n  t h e  l u b r i c a t i o n  s y s t e m .
T h i s  was t o  overcome t h e  f r i c t i o n a l  l o s s e s  i n  t h e  c y l i n d e r ,  
t h e  o i l  p r e s s u r e  t h e n  b e i n g  a p p l i e d  t o  t h e  l a n t e r n  r i n g  w h ic h  
p r o v i d e d  a  p o s i t i v e  s e a l  a g a i n s  g a s  l e a k a g e  t h r o u g h  t h e  b o x .
The e q u i l i b r i u m  s y s t e m  c o n s i s t e d  o f  t h e  e q u i l i b r i u m  
v e s s e l ,  t h e  sam ple  v e s s e l ,  and  t h e  a s s o c i a t e d  p i p e w o r k  b e t w e e n  
v a l u e s  V^, Vg, and  . The t o t a l  volume was 2 . 3 5 0  l i t r e s ,
o f  w h ich  1 1 %  was p i p e w o r k .
5 • 1 . 3 •  The Sample V e s s e l
T h i s  v e s s e l  ( F i g u r e  8 ) was i n c l u d e d  so t h a t  a  s am ple  o f  
known volume c o u l d  be  removed  from t h e  e q u i l i b r i u m  s y s t e m  w h i l s t
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t h e  p r e s s u r e  w i t h i n  t h e  s a m p l i n g  v e s s e l  was k e p t  c o n s t a n t .  I t  
c o n s i s t e d  o f  a  s t a i n l e s s  s t e e l  c y l i n d e r  c o n t a i n i n g  a  p i s t o n  
s e c u r e d  t o  a s h a f t  w h ich  p a s s e d  t h r o u g h  a  P . T . F . E .  p a c k i n g  
g l a n d  a t  one end o f  t h e  c y l i n d e r .  The p r e s s u r e  s e a l  a c r o s s  
t h e  p i s t o n  was a c h i e v e d  u s i n g  a  n i t r i l e  r u b b e r  r i n g  w h ich  was 
p o s i t i o n e d  i n  a  r e t a i n i n g  g ro o v e  i n  t h e  p i s t o n  b o d y .  The 
movement o f  t h e  p i s t o n  f rom one end s t o p  t o  t h e  o t h e r  d i s c h a r g e d  
100  m i s  o f  g a s  s am p le  f rom t h i s  v e s s e l .
The p r e s s u r e  was a p p l i e d  t o  b o t h  s i d e s  o f  t h e  p i s t o n  v i a  
p o r t s  (x )  and  ( y ) .  T h e r e f o r e  t h e  s a m p l i n g  u n i t  c o u l d  a l s o  be  
u s e d  a s  a  f u r t h e r  me thod  o f  a g i t a t i o n  o f  t h e  g a s  p h a s e s ,  s i n c e / 
by  s c r e w i n g  t h e  p i s t o n  b a c k  and  f o r t h  i n  t h e  c y l i n d e r ^  t h e r e  was  
a  r e s u l t a n t  movement o f  g a s  t h r o u g h  t h e  e q u i l i b r i u m ,  s y s t e m .
5 . 1 .  . V a l v e s  and  P ip e w o r k
The i n t e r s t a g e  p i p e w o r k  was s e a m l e s s ,  a n n e a l e d ,  A . I . S . I .  
t y p e  30^  s t a i n l e s s  s t e e l  t u b e  (O.D. = 0 . 5 0 0 ” , I . D .  = 0 . 3 1 0 ” ) .
A l l  c o u p l i n g s  and  v a l v e  b o d i e s  were  m a n u f a c t u r e d  i n  c o l d - d r a w n ,
316 s t a i n l e s s  s t e e l .  J o i n t s  were  made by a  c o n n e c t i o n  i n  w h ic h  
a  c a s e - h a r d e n e d  r i n g  c u t  i t s  own s e a t  on t h e  s o f t e r  a n n e a l e d  
p i p e .  The j o i n t  was t h e n  s e a l e d  by  c o m p r e s s i n g  t h i s  r i n g  on t o  
a  s e a t  i n  t h e  c o u p l i n g  b o d y .  The o n l y  o t h e r  s e a l s  u s e d  w ere  - 
’V i t o n 1 bonded  amminimum s e a l s  w here  p i p e  c o n n e c t o r s  w ere  
m oun ted  on t h e  s am ple  v e s s e l .
C o n n e c t i o n s  b e t w e e n  t h e  main  s y s t e m  and  t h e  p r e s s u r e  g a u g e
t t  » i
i s o l a t o r s  were made i n  0 .2 5 0  O .D . ,  0 . 1 2 5  I . D .  s t a i n l e s s  s t e e l
t u b e  w h i l s t  0 . 1 2 5 ” O .D . ,  O.O6 5 ” I . D .  t u b e  was u s e d  b e t w e e n  t h e  
gau g e  i s o l a t o r s  and  t h e  p r e s s u r e  g a u g e s .
A l l  t h e  v a l v e s  w ere  s t r a i g h t ,  t w o - p o r t , on -  o f f  v a l v e s  
f i t t e d  w i t h  P . T . F . E .  s t u f f i n g  g l a n d s  an d  t h e  v a l v e  s t e m s  w ere  
e x t e n d e d  t o  p r o t r u d e  f rom t h e  o u t e r  w a l l  o f  t h e  b l a s t  p r o o f  
c a b i n e t s .
5 . 1 . 5 *  C o n s t a n t  T e m p e r a t u r e  C a b in e t ' s
The b a s i c  u n i t s  a l r e a d y  d e s c r i b e d  were h o u s e d  i n  two 
a d j o i n i n g  i n s u l a t e d  b l a s t - p r o o f  c a b i n e t s  w h ich  t o g e t h e r  m e a s u r e d  
100” by 5 0 "  hy  3 ^ ” * The c o m p r e s s o r  was  s e c u r e d  t o  t h e  f l o o r  o f  
•one c a b i n e t ,  (A), and  t h e  e q u i l i b r i u m  v e s s e l  was s u p p o r t e d  i n  a  
m i l d  s t e e l  f ram e  i n  t h e  s e c o n d  c a b i n e t ,  (B ) ,  a l o n g  w i t h  t h e  
sam ple  v e s s e l .
Both  c a b i n e t s  c o n s i s t e d  o f  c a v i t y - w a l l e d  b o x e s  c o n s t r u c t e d
'I
i n  / 8 " t h i c k  m i l d  s t e e l ,  t h e  c a v i t y  b e i n g  f i l l e d  w i t h  f i b r e
• g l a s s  i n s u l a t i o n .  F a l s e  a lu m in in u m  w a l l s  were  s e c u r e d  t o  t h e
i n s i d e  w a l l s  and  f l o o r  o f  e a c h  c a b i n e t  b e h i n d  w h ic h  w ere  a  num ber
o f  300 w a t t  s t r i p  h e a t e r s ,  (20 i n  c a b i n e t  (A) and  30 i n  c a b i n e t
( B ) ) .  The h e a t e r s  i n  (A) were  c o n t r o l l e d  i n  two s e p a r a t e  c i r c u i t
by  e n e r g y  r e g u l a t o r s  and  t h o s e  i n  (B) were  c o n t r o l l e d  i n  t h r e e
c i r c u i t s .  The maximum w o r k i n g  t e m p e r a t u r e  o f  c a b i n e t  (B) was
125°C and  a i r  was c i r c u l a t e d  w i t h i n  t h e  c a b i n e t  by  a  ^-0 w.
c e n t r i f u g a l  f a n  i n s e r t e d  i n  t h e  f a l s e  i n n e r  w a l l .
5*1 * 6 .  P r e s s u r e  m e a su re m e n t
P r e s s u r e  m e a s u r e m e n t s  were  made a t  f i v e  p o i n t s  w i t h i n  t h e
s y s t e m .  P r e s s u r e  g a u g e s  P 1 , P2 and  P3 were  s t a i n l e s s  s t e e l
B udenbury  Gauges  w h i l e  P f^ ,and P5 w ere  s t a i n l e s s  s t e e l  t e s t
+g a u g e s  w h ich  were  a c c u r a t e  t o  -1 0  p . s . i .  Each g a u g e  was 
s e p a r a t e d  f rom t h e  p r o c e s s  g a s  by a n  i s o l a t o r  w h ich  c o n s i s t e d  o f
a s m a l l  c y l i n d e r  ( 4 "  by  -g-u I . D . )  f i t t e d  w i t h  a p i s t o n  and  f i l l e d  
w i t h  h y d r a u l i c  f l u i d .
5 . 1 . 7 .  S a f e t y  D e v i c e s
T h e r e  were  two p r e s s u r e  r e l i e f  v a l v e s  i n  t h e  c o m p r e s s i o n  
s y s t e m ,  p o s i t i o n e d  i n  t h e  f i r s t  s t a g e  ( s e t  t o  1200  p . s . i . )  and  
i n  t h e  s e c o n d  s t a g e  ( s e t  t o  56OO p . s . i . ) .  The c o m p r e s s o r  was 
f u r t h e r  p r o t e c t e d  by  two b u r s t i n g  d i s c s .  One was s i t u a t e d  
b e t w e e n  t h e  n o n - r e t u r n  v a l v e  and  V3 and  t h e  o t h e r  i n  t h e  body  
•of t h e  e q u i l i b r i u m  v e s s e l ,  b o t h  w ere  d e s i g n e d  t o  r u p t u r e  a t  
6000 p . s . i .  A l l  t h e  b u r s t i n g  d i s c  a s s e m b l i e s  w e re  v e n t e d  
o u t s i d e  t h e  b u i l d i n g  v i a  -g-” B . S . P .  m i l d  s t e e l  p i p e s  w i t h  a s  
few r i g h t  a n g l e s  a s  p o s s i b l e .  The p u r g e  l i n e s  a t  Vy and  Vg' 
w ere  v e n t e d  o u t s i d e  t h e  b u i l d i n g  v i a  c o p p e r  t u b i n g .
5 . 1 . 8 .  Sample C o l l e c t i o n  Equipment
The g a s  sample ,  when d e c o m p r e s s e d  t h r o u g h  t h e  m e t e r i n g  v a l v e  5 
was p a s s e d  t h r o u g h  a  s e r i e s  o f  f o u r  g l a s s  t r a p s  p a c k e d  w i t h  g l a s s  
wool  and  im mersed  i n  s m a l l  b a t h s  o f  a c e t o n e / 1d r i k o l d ’ m i x t u r e .
A m e t a l  t o  g l a s s  j o i n t  a d a p t o r  was u s e d  f o r  t h e  f i r s t  t r a p  
w h i l e  t h e  r e m a i n d e r  o f  t h e  t r a p s  w ere  c o n n e c t e d  w i t h  g ro u n d  g l a s s  
b a l l  j o i n t s  and  c l i p s .
On l e a v i n g  t h e  f i n a l  t r a p j t h e  g a s  p a s s e d  t h r o u g h  a  0 -  10 
l i t r e / h o u r  r o t a m e t e r  and  on t o  a  10 l i t r e  c a p a c i t y  b a l l o o n  in.  
w h ich  t h e  g a s  s am p le  was c o l l e c t e d .  C o n n e c t i o n s  f rom t h e  l a s t  
t r a p  t o  t h e  r o t a m e t e r  and  on to  t h e  p l a s t i c  b a l l o o n  w ere  made 
w i t h  •£" I . D .  r u b b e r  t u b i n g .
5 . 1 . 9 .  C o m m is s io n in g
The i n i t i a l  s y s t e m  o f  t e m p e r a t u r e  m e asu re m en t  and  c o n t r o l  
was found  t o  be  t o t a l l y  u n s a t i s f a c t o r y .  A t h e r m o c o u p l e  was 
i n s t a l l e d  i n t o  t h e  e x i t  l i n e  from t h e  c o m p re s s o r  and  w i t h  a  
d i s c h a r g e  p r e s s u r e  o f  3000  p . s . i . g .  t h e  o u t l e t  t e m p e r a t u r e  
from t h e  c o m p r e s s o r  was  m e a s u r e d  a s  60°C .  T h i s  com bined  w i t h  
t h e  f a c t  t h a t  o n l y  s m a l l  am o u n ts  o f  g a s  would  be i n t r o d u c e d  
a f t e r  i n i t i a l  p r e s s u r i s a t i o ' n  made i t  u n n e c e s s a r y  t o  h e a t  t h e  
g a s  b e f o r e  e n t e r i n g  t h e  e q u i l i b r i u m  s y s t e m .  T h e r e f o r e  no t e s t s  
were; c a r r i e d  o u t  on c a b i n e t  (A ) .
0b v i o u s l y / some form o f  a u t o m a t i c  h e a t i n g  c o n t r o l  h a d  t o  
be i n s t a l l e d  i n t o  c a b i n e t  (B) and  a  p r o p o r t i o n a l  c o n t r o l l e r  
was f i t t e d  t o  c o n t r o l  one  o f  t h e  t h r e e  c i r c u i t s .
Ten C r . / A l .  t h e r m o c o u p l e s  w ere  f i x e d  t o  t h e  p i p e w o r k  and  
t h e  s am p le  v e s s e l  w i t h i n  c a b i n e t  ( B ) ,  a n d / t o g e t h e r  w i t h  t h e  
t h e r m o c o u p l e  r e c o r d i n g  t h e  t e m p e r a t u r e  w i t h i n  t h e  e q u i l i b r i u m  
v e s s e l ^ t h e y  were  c o n n e c t e d  t o  a  c a l i b r a t e d  m u l t i p o i n t  i n d i c a t o r /  
r e c o r d e r .  The maximum t e m p e r a t u r e  v a r i a t i o n  i n  t h e  c a b i n e t  o v e r
4 - 0  02 h o u r s  was  found  t o  be  - 2  C a t  100 C a c r o s s  t h e  c a b i n e t / w i t h
4 - 0a  v a r i a t i o n  o f  -1 C a t  a n y  p o i n t .
I t  was  a l s o  n o t e d  t h a t  i t  was d i f f i c u l t  t o  m a i n t a i n  a  
c o n s t a n t  t e m p e r a t u r e  w i t h i n  t h e  e q u i l i b r i u m  v e s s e l .  S i n c e  i t  
was e n c l o s e d  i n  t h e  c o n s t a n t  t e m p e r a t u r e  c a b i n e t  t h e  o n l y  h e a t  
l o s s e s  w e re  from t h e  s t i r r i n g  g l a n d  p r o t r u d i n g  f rom t h e  t o p  o f  
t h e  c a b i n e t  and  i n  t h e  s h a f t  c o o l i n g  w a t e r .  The l a r g e  h e a t i n g  
s u p p l y  f o r  t h i s  v e s s e l  (10  x  300  w a t t  h e a t e r s )  was p r e s u m a b l y  
i n s t a l l e d  by t h e  m a n u f a c t u r e r s  i n  o r d e r  t h a t  i t  c o u l d  r a p i d l y
r e a c h  i t s  maximum w o r k in g  t e m p e r a t u r e  b u t ,  s i n c e  t h e s e  h e a t e r s  
were c o n t r o l l e d  by  a  s i n g l e  c i r c u i t ,  a c c u r a t e  c o n t r o l  was 
i m p o s s i b l e .  One h e a t e r  was t h e r e f o r e  removed and  t h e  r e m a i n i n g  
u n i t s  w ere  d i v i d e d  i n t o  t h r e e  s e p a r a t e  c i r c u i t s  ea c h  w i t h  i t s  
own e n e r g y  c o n t r o l l e r .
The l i n e  t h r o u g h  w h ich  t h e  g a s  s am ple  was removed  was 
e x t e n d e d  beyond  V 9 ; a  s h o r t  l e n g t h  ( 4 n ) o f  p i p e ,  h e a t e d  by  a  
s m a l l  h e a t i n g  t a p e ,  e x t e n d e d  from t h e  c a b i n e t  t o  a  m e t e r i n g  
•v a lv e  V'l'i w h ich  was s u p p o r t e d  on a  s m a l l  h o t - p l a t e  w i t h  an 
i n t e g r a l  c o n t r o l l e r .  T h i s  h e a t e r  was p r e f e r r e d  t o  a  t a p e  h e a t e r
i t
s i n c e  i t  c o u l d  be  removed  q u i c k l y  when t h e  e x i t  p a r t  o f  t h e
m e t e r i n g  v a l v e  had  t o  be washed  t o  remove a l l  t r a c e s  o f  c o n d e n s e d
sa m p le .  Two t h e r m o c o u p l e s  were  s t r a p p e d  t o  t h e  p i p e  and  a  t h i r d
t o  t h e  w a l l  o f  t h e  m e t e r i n g  v a l v e  an d  a l l  t h r e e  w ere  c o n n e c t e d
t o  the ,  t e m p e r a t u r e  r e c o r d e r / i n d i c a t o r .
When t h e s e  a l t e r a t i o n s  had  b e e n  made,  t h e  s y s t e m  was made 
l e a k  p r o o f  when p r e s s u r i s e d  w i t h  n i t r o g e n  a t  4500 p . s . i . g .  a t  
100°C.  Checks  were  a l s o  made t h a t  t h e r e  were no i n t e r n a l  l e a k s  
a c r o s s  v a l v e s .
5 • 2 .  U n i t  Two
T h i s  u n i t  was d e s i g n e d  t o  d e t e r m i n e  g a s  p h a s e  c o n c e n t r a t i o n s  
o f  e x t r a c t e d  m a t e r i a l s  up  to ^ 4 0 0 °C  b u t  f o r  p r a c t i c a l  r e a s o n s  i t  
ha d  a  r e l a t i v e l y  low o p e r a t i n g  p r e s s u r e  l i m i t  o f  2000  p . s . i .
I t  was m a n u f a c t u r e d  a t  t h e  Coal  R e s e a r c h  E s t a b l i s h m e n t  and  was 
b a s i c a l l y  t h e  same a s  U n i t  One.  The m a j o r  d i f f e r e n c e  was t h a t  
an  i s o b a r i c  s a m p l i n g  d e v i c e  was n o t  i n c o r p o r a t e d  b e c a u s e  o f  t h e  
d i f f i c u l t i e s  i n v o l v e d  i n  o p e r a t i n g  m oving  s e a l s  a t  t h e s e
t e m p e r a t u r e s .  A f l o w  s h e e t  i s  g i v e n  i n  F i g u r e  9
5 . 2 . 1 .  The c o m p r e s s i o n  s y s t e m
T h i s  s y s t e m  was d e s i g n e d  f o r  u s e  w i t h  s o l v e n t s  w h ich  a r e  
l i q u i d  a t  room t e m p e r a t u r e  and  t h e r e f o r e  i t  was p o s s i b l e  -to 
u s e  a v e r y  s i m p l e  c o m p r e s s i o n  s y s t e m .  T h i s  c o n s i s t e d  o f  a  
c y l i n d e r  o f  c o m p re s s e d  n i t r o g e n ,  w h ic h  a c t e d  a s  a  p r e s s u r e  s o u r c e ,  
c o n n e c t e d  t o  a p r e s s u r e  v e s s e l ,  a c t i n g  a s  a  s o l v e n t  r e s e r v o i r .
T h i s  p r e s s u r e  v e s s e l  was m a n u f a c t u r e d  i n  A . I . S . I .  Type 521 
s t a i n l e s s  s t e e l  and  was d e s i g n e d  t o  w i t h s t a n d  3000  p . s . i . g .  a t  
a m b ie n t  t e m p e r a t u r e .  T h i s  v e s s e l  h a d  a  c a p a c i t y  o f  990 m i s  an d  
was s e a l e d  u s i n g  a  s p i g o t  j o i n t  ( B . S .  1560)  i n c o r p o r a t i n g  a 
s t a i n l e s s  s t e e l / a s b e s t o s  g a s k e t  o f  i d e n t i c a l  c o n s t r u c t i o n  t o  
t h o s e  d e s c r i b e d  i n  5 * 1 . 2 .  A l l  t h e  p r e s s u r e  v e s s e l s  u s e d  i n  
t h i s  u n i t  were  s e a l e d  i n  a  s i m i l a r  m a n n e r .  The i n l e t  p o r t  was 
c o n n e c t e d ,  v i a  an  ’o n - o f f '  v a l v e  Vj, t o  a  n i t r o g e n  c y l i n d e r  
f i t t e d  w i t h  a  m e t e r i n g  v a l v e .  The o u t l e t  p o r t  was  c o n n e c t e d  t o  
a  d i p - t u b e  w h ich  r e a c h e d  t o  w i t h i n  o f  t h e  b a s e  o f  t h e  v e s s e l .
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5 * 2 . 2 .  The S o l v e n t  P r e h e a t e r  and E q u i l i b r i u m  V e s s e l
T h es e  two i t e m s  w ere  s i t u a t e d  t o g e t h e r  i n  a  h e a t i n g  b a t h .  
The s o l v e n t  p r e h e a t e r  was  s e p a r a t e d  f rom t h e  c o m p r e s s i o n  s y s t e m  
by a  m e t e r i n g  v a l v e  V2 s i t u a t e d  i n  t h e  w a l l  o f  t h e  h e a t i n g  
t a n k .  The p r e h e a t e r  c o n s i s t e d  o f  16 f t  o f  -zjr" O.D. x 16 S.W.G. 
s t a i n l e s s  s t e e l  t u b e  i n  t h e  form o f  an  8 i n .  d i a . , 1 i n .  p i t c h  
c o i l  w h ich  was  p o s i t i o n e d  r o u n d  t h e  e q u i l i b r i u m  v e s s e l .  T h i s  
v e s s e l  was s i m i l a r  i n  d e s i g n  t o  t h e  s o l v e n t  p r e h e a t e r , h a v i n g  
a  c a p a c i t y  o f  360  ml (3  cm I . D . ,  18 cm d e e p ) ; and  was  d e s i g n e d  
t o  w i t h s t a n d  1730  p . s . i .  a t  J>60° C  w i t h  a  s a f e t y  f a c t o r  o f  3 0 %. 
The i n l e t  p o r t  was c o n n e c t e d  d i r e c t l y  t o  t h e  s o l v e n t  p r e h e a t e r  
which., by  means  o f  a n  i n t e r n a l  d i p - t u b e  , i n t r o d u c e d  s o l v e n t "  
f e e d  two i n c h e s  from t h e  b a s e  o f  t h e  v e s s e l .  T e m p e r a t u r e  
w i t h i n  t h e  v e s s e l  was i n d i c a t e d  by  means  o f  a  " p y r o t e n a x "  
s h e a t h e d  t h e r m o c o u p l e  i n t r o d u c e d  d i r e c t l y  t h r o u g h  t h e  l i d  o f  
t h e  v e s s e l .  The e q u i l i b r i u m  v e s s e l  was i s o l a t e d  f rom t h e  
c o n d e n s a t i o n  s e c t i o n  by a  m e t e r i n g  v a l v e  V3 s i t u a t e d  i n  t h e  
w a l l  o f  t h e  h e a t i n g  t a n k .  . V3 was c o n n e c t e d  t o  t h e  e q u i l i b r i u m  
v e s s e l  by  a  s h o r t  l e n g t h  o f  :Jn O.D. x  169 s t e e l  t u b e ^ t h e  vo lum e  
o f  w h ich  r e p r e s e n t e d  l e s s  t h a n  0 . 5% o f  t h e  t o t a l  e q u i l i b r i u m  
vo lum e .
5 * 2 . 3 -  H e a t i n g  U n i t
The h e a t i n g  b a t h  c o n s i s t e d  o f  a  c y l i n d r i c a l  t a n k ,  12 i n .  
d i a . ,  2 k  i n .  deep  w h ich  was f i l l e d  t o  a  d e p t h  s u f f i c i e n t  t o  
c o v e r  t h e  e q u i l i b r i u m  v e s s e l  and  p r e h e a t e r ,  w i t h  t h e  h e a t  
t r a n s f e r  f l u i d , " S a n t o t h e r m  190" .  T h i s  b a t h  was f i t t e d  w i t h  a
s e a l e d  l i d  t o  k e e p  fumes  t o  a  minimum s i n c e , w h e n  t h e y  come i n t  
c o n t a c t  w i t h  a t m o s p h e r i c  m o i s t u r e ,  p h e n o l s  a r e  l i b e r a t e d .  The 
t a n k  was h e a t e d  by s i x t e e n  600 W s t r i p  h e a t e r s  s t r a p p e d  a r o u n d  
i t s  c i r c u m f e r e n c e  and  c o n t r o l l e d  by  a  p r o p o r t i o n a l  t e m p e r a t u r e  
c o n t r o l l e r .  . :
5 . 2 . 4 .  V a l v e s  and  P ip e w o r k
A l l  v a l v e s  and  p i p e  f i t t i n g s  w ere  s u p p l i e d  by B r i t i s h  
Ermeto  C o r p o r a t i o n .  V a lv e  b o d i e s  and  p i p e  c o n n e c t o r s  w ere  
m a n u f a c t u r e d  i n  1 8 / 8 / T i  s t a i n l e s s  s t e e l  and p i p e  j o i n t s  w ere  
made i n , a  s i m i l a r  manner  t o  t h a t  d e s c r i b e d  i n  5 * 1*4 .  u s i n g
I
m i l d  s t e e l  cadmium p l a t e d  n u t s  on F .V .  s t a i n l e s s  s t e e l  r i n g s .  
P i p e  a d a p t o r s  were  s e a l e d  t o  v e s s e l  f l a n g e s  and  c o n n e c t i o n s  
i n  t h e  h e a t i n g  t a n k  u s i n g  c o p p e r  o r  s t a i n l e s s  s t e e l  s e a l i n g  
r i n g s .
J- ” ’on -  o f f  1 v a l v e s  w i t h  a s b e s t o s / g r a p h i t e  g l a n d  p a c k i n g s  
were  i n c o r p o r a t e d  a t  V-j , V^ and  V  ^ b u t  m e t e r i n g  v a l v e s  w ere  
u s e d  a t  V2 and  V  y  P i p e w o r k  u s e d  was e i t h e r  ^  O.D. x  14 S.W.G 
o r  7;:" O.D. x 14 S.W.G. s t a i n l e s s  s t e e l  t u b e .
5 . 2 . 5 *  Sample C o l l e c t i o n  Equ ipm en t
As e x p l a i n e d  p r e v i o u s l y ,  t h e r e  was no s a m p l i n g  d e v i c e  
f i t t e d  t o  t h i s  u n i t  and  s m a l l  s a m p l e s  o f  g a s  w ere  e x p e l l e d  
f rom t h e  e q u i l i b r i u m  v e s s e l  d i r e c t l y  i n t o  t h e  c o n d e n s a t i o n  
t r a i n  r e s u l t i n g  i n  a s m a l l  d ro p  i n  p r e s s u r e  w i t h i n  t h e  
e q u i l i b r i u m  s y s t e m .  C o n n e c t e d  d i r e c t l y  t o  t h e  o u t l e t  m e t e r i n g  
v a l v e ,  V , was a  w a t e r - c o o l e d  c o n d e n s e r  w h ich  was  s i t u a t e d
j
a bove  t h e  sam ple  c a t c h p o t .  T h i s  500 ml c a t c h p o t  was  i n  f a c t  
a  p r e s s u r e  v e s s e l ,  d e s i g n e d  t o  w i t h s t a n d  t h e  same c o n d i t i o n s
a s  t h e  e q u i l i b r i u m  v e s s e l  a s  a  p r e c a u t i o n  a g a i n s t  f a i l u r e  o f  
V y ,  A d d i t i o n a l  p o r t s  i n  t h e  v e s s e l  accommoda ted a g a s  p u r g e  
l i n e  t h r o u g h  and  a  s am p le  r e m o v a l  l i n e  t h r o u g h  V3 .
5 . 2 . 6 .  P r e s s u r e  M easurem en t
• P r e s s u r e  m e a s u r e m e n t s  were  made a t  t h r e e  p o i n t s  w i t h i n  
t h e  s y s t e m .  P1 and P3 w ere  4 i n .  d i a .  0 - 3 0 0 0  p . s . i .  B ud en b u rg  
s t e e l  t u b e  g a u g e s  w h i l e  P2 i s  a  10 i n .  d i a .  0 -  3000 p . s . i . ,  
Budenburg  s t a n d a r d  t e s t  gauge  w h ich  c o u l d  be r e a d  t o  10 p . s . i .  
Each  g auge  was i s o l a t e d  f rom t h e  s y s t e m  by a  P r e s s u r e  P r o d u c t s  
I n d u s t r i e s  gauge  i s o l a t o r  a s  d e s c r i b e d  i n  5 * 1 . 6 .
5 . 2 . 7 .  T e m p e r a t u r e  M easurement
T e m p e r a t u r e  was m e a s u r e d  a t  f o u r  p o i n t s  i n  t h e  u n i t ;  
p y r o t e n a x  t h e r m o c o u p l e s  w ere  u s e d  i n  a l l  c a s e s .  A s i n g l e  
t e m p e r a t u r e  m e a su re m en t  was made w i t h i n  t h e  e q u i l i b r i u m  v e s s e l  
and  t h r e e  t h e r m o c o u p l e s  w ere  s i t u a t e d  w i t h i n  t h e  h e a t i n g  b a t h .  
These  w ere  u s e d  d u r i n g  c o m m i s s io n in g  e x p e r i m e n t s  t o  c h e c k  
t e m p e r a t u r e  v a r i a t i o n  w i t h i n  t h e  b a t h  w i t h  d i f f e r e n t  s t i r r i n g  
c o n f i g u r a t i o n s .  T e m p e r a t u r e s  were  r e c o r d e d  on a  m u l t i p o i n t  
i n d i c a t o r / r e c o r d e r .
5 * 2 . 8 .  S a f e t y  D e v i c e s
The s y s t e m  was h y d r a u l i c a l l y  t e s t e d  t o  2880 p . s . i . g .  an d  
a  b u r s t i n g  d i s c ,  f a i l u r e  p r e s s u r e  2250 p . s . i . g .  a t  20°C ,  was  
i n c o r p o r a t e d  on t h e  e q u i l i b r i u m  s y s t e m  o u t s i d e  t h e  h e a t i n g  t a n k .  
The o u t l e t  f rom t h e  b u r s t i n g  d i s c  was v e n t e d  o u t s i d e  t h e  b u i l d i n g  
The h e a t i n g  t a n k  was s i t u a t e d  u n d e r  an  e x t r a c t i o n  can o p y  t o  
remove any  fumes w hich  m i g h t  e s c a p e  from t h e  h e a t i n g  b a t h .
5 . 2 . 9 .  Com m iss ion ing
A l th o u g h  t h e  s y s t e m  h e l d  p r e s s u r e  o v e r  l o n g  p e r i o d s  
d u r i n g  t h e  h y d r a u l i c  p r e s s u r e  t e s t i n g , a s  soon  a s  n i t r o g e n  
p r e s s u r e  a t  a m b ie n t  t e m p e r a t u r e  was a p p l i e d  s e r i o u s  l e a k s  
were  n o t e d .
H igh  t e m p e r a t u r e  p r e s s u r e  t e s t i n g  on t h e  e q u i l i b r i u m
v e s s e l  and  s o l v e n t  p r e h e a t e r  c o u l d  n o t  be a t t e m p t e d  u n t i l
t e m p e r a t u r e  v a r i a t i o n  w i t h i n  t h e  b a t h  had  b e e n  e l i m i n a t e d .
B ecause  o f  t h e  g e o m e t r y  o f  t h e  b a t h , a n d  t h e  p o s i t i o n  o f  t h e
v e s s e l  w i t h i n  i t ,  i t  was d e c i d e d  t o  u s e  two f l u i d  a g i t a t o r s ,
p o s i t i o n e d  a s  i n  F i g u r e  10 .  T hese  were  d r i v e n  t h r o u g h  two
a i r  -  c o o l e d  g l a n d s  i n  t h e  l i d  o f  t h e  b a t h  by  a  s i n g l e  e l e c t r i c
m o t o r .  The t e m p e r a t u r e  w i t h i n  t h e  b a t h ,  m e a s u r e d  by  t h e  t h r e e
+ o ot h e r m o c o u p l e s , was f o u n d  t o  v a r y  by  - 3  C a t  550 C. C y c l i c
v a r i a t i o n  o f  t e m p e r a t u r e  was k e p t  w i t h i n  t h e s e  l i m i t s  by t h e
t e m p e r a t u r e  c o n t r o l l e r .
When t h e  s y s t e m  h a d  b e e n  s u c c e s s f u l l y  s e a l e d  a t  a m b i e n t
t e m p e r a t u r e  and l e a k a g e  a c r o s s  i n t e r n a l  v a l v e s  V an d  V h a d2 5
b e e n  c h e c k e d , h i g h  t e m p e r a t u r e  t e s t s  w ere  commenced.  L ea ks  on 
t h e  e q u i l i b r i u m  s y s t e m  w ere  o b v i o u s l y  d i f f i c u l t  t o  l o c a t e  s i n c e  
t h i s  was subm erged  i n  a n  e n c l o s e d  b a t h  o f  h e a t  t r a n s f e r  f l u i d .  
T h e r e f o r e ,  when a  l e a k  was  i n d i c a t e d  by a  f a l l i n g  p r e s s u r e  
gauge  r e a d i n g  i n  t h e  i s o l a t e d  s y s t e m  a t  c o n s t a n t  t e m p e r a t u r e ,  
t h e  s y s t e m  had  t o  be c o o l e d  and d r a i n e d  o f  f l u i d , a f t e r  w h ich  
f u r t h e r  t e s t s  a t  a m b i e n t  t e m p e r a t u r e  were  made.  I f  no l e a k  was 
d e t e c t e d  p i p e  j o i n t s  w i t h i n  t h e  s y s t e m  had  t o  be  s y s t e m a t i c a l l y  
remade u n t i l  t h e  u n i t  was  made c o m p l e t e l y  l e a k - t i g h t .
— ELECTRIC DRIVE
HEATING
-BATH
EQUILIBRIUM
- V E S S E L
PREHEATER
- C O I L
F IG . IO  STIRRED HEATING 
TANK -  U N IT  TWO
5• 3♦ U n i t  T h ree
The t h i r d  p i e c e  o f  eq u ip m e n t  u s e d  was a s i m p l e  1 0 - l i t r e  
c a p a c i t y  b a t c h  a u t o c l a v e  w i t h  no f a c i l i t y  f o r  i n t r o d u c i n g  
f r e s h  s o l v e n t  u n d e r  p r e s s u r e .  The u n i t  was s u p p l i e d  by  
C h a r l e s  Cook and  S o n s .
5 . 3 . 1 *  The P r e s s u r e  V e s s e l
The a u t o c l a v e  was c o n s t r u c t e d  i n  F.M.B. s t a i n l e s s  s t e e l  
and  had  a  t o p  f l a n g e  c l o s u r e  i n c o r p o r a t i n g  a  m a le  s p i g o t  on 
t h e  m a in  body w hich  s e a l e d  on a  c o p p e r  r i n g  i n  t h e  l i d .  The 
c o n t e n t s  o f  t h e  v e s s e l  w ere  s t i r r e d  t h r o u g h  a  w a t e r - c o o l e d  
p a c k i n g  g l a n d  by an  e l e c t r i c a l l y  d r i v e n ,  c o n s t a n t  s p e e d  
(75  r . p . m . )  s t i r r e r  and  t h e  v e s s e l  was d e s i g n e d  t o  h a v e  a  
maximum w o r k in g  p r e s s u r e  o f  2000 p . s . i .  a t  -^0.0 C.
The c o n n e c t i o n  b e t w e e n  t h e  a u t o c l a v e  and  t h e  c o n d e n s a t i o n  
s y s t e m  was made v i a  a  m e t e r i n g  v a l v e  an d  i n .  o . d .  s t a i n l e s s  
s t e e l  t u b e  w h ich  was  s e a l e d  i n t o  t h e  c o n d e n s i n g  t r a i n  v i a  a  
s i l i c o n e  r u b b e r  j o i n t .
5 . 3 * 2 .  C o n d e n s a t i o n  S ys tem
T h i s  was  c o n s t r u c t e d  f rom s t a n d a r d  ' Q u i c k f i t '  g l a s s w a r e  . 
and  c o n s i s t e d  o f  a  t r i p l e  s u r f a c e  w a t e r - c o o l e d  c o n d e n s e r  
p o s i t i o n e d  above  a  5 - l i t r e  c o o l e d  r e c e i v e r  w i t h  an  a u x i l i a r y  
' d r i k o l d '  t r a p  on t h e  o u t l e t  l i n e .  Any g a s  p r o d u c e d  d u r i n g  
t h e  e x t r a c t i o n  s t a g e  p a s s e d  t h r o u g h  t h e  c o n d e n s i n g  t r a i n  and  
was c o l l e c t e d  o v e r  w a t e r  i n  a  3 0 - l i t r e  " p o l y t h e n e "  a s p i r a t o r .
T h i s  v e s s e l  was f i t t e d  w i t h  a  t h r e e - w a y  i n l e t  v a l v e  i n  o r d e r  
t h a t  g a s  s a m p l e s  c o u l d  be  rem oved .
5 .3«3»  H e a t i n g  U n i t
The a u t o c l a v e  was s u p p o r t e d  i n  a n  e l e c t r i c a l l y  h e a t e d  
f u r n a c e  w i t h  a  c a p a c i t y  o f  5 kw. The w hole  f u r n a c e  was 
c o n t r o l l e d  m a n u a l l y  t h r o u g h  a  s i n g l e  v o l a t g e  r e g u l a t o r .  I n f a c t ,  
s i n c e  t h e  a u t o c l a v e  was a  l o w - p r e s s u r e  s y s t e m  and  c o n s t r u c t e d  
f rom r e l a t i v e l y  t h i n  w a l l e d  t u b e ,  t e m p e r a t u r e  l a g  a c r o s s  t h e  
w a l l s  was  s m a l l  and  m a nua l  c o n t r o l  p r o v e d  e x t r e m e l y  e f f e c t i v e .
5 . 3 . ^ .  T e m p e r a t u r e  R e c o r d i n g
A c h r o m e l / a l u m e l  t h e r m o c o u p l e  s h e a t h e d  i n  c e r a m i c  b e a d s  
was i n s e r t e d  i n t o  t h e  t h e r m o c o u p l e  p o c k e t  w h ich  t e r m i n a t e d  a t
f  '
a p o i n t ; o n e - t h i r d  t h e  way up t h e  v e s s e l  and 1 i n .  f rom t h e  
s t i r r e r  s h a f t .
5 . 3 . 5 .  P r e s s u r e  I n d i c a t i o n
The p r e s s u r e  g auge  s u p p l i e d  was  r e p l a c e d  by  a' B u denburg  
s t e e l  t u b e  gauge  i n c o r p o r a t i n g  a s t a i n l e s s  s t e e l  d i a p h ra g m  t o  
p r o t e c t  t h e  gauge  m echan ism  from m a t e r i a l s  t r a n s p o r t e d  i n  t h e  
g a s  p h a s e .
5 . 3 . 6 .  S a f e t y  D e v i c e s
The b u r s t i n g  d i s c  a s s e m b l y  was c o n n e c t e d  d i r e c t l y  i n t o  
t h e  l i d  o f  t h e  a u t o c l a v e  and  i n c o r p o r a t e d  a  n i c k e l  b u r s t i n g  
d i s c .  The d i s c h a r g e  s i d e  o f  t h e  a s s e m b l y  was v e n t e d  o u t s i d e  
t h e  b u i l d i n g  v i a  2 i n .  B . S . P .  p i p e .
6 .  OPERATING TECHNIQUE
6 . 1 .  U n i t  One ( F i g u r e  6 )
■ 6 . 1 . 1 .  P r e p a r a t i o n
S i n c e  o n l y  one j o i n t  had  t o  be  d i s t u r b e d  i n  o r d e r  t o
i n t r o d u c e  t h e  sam ple  i n t o  t h e  e q u i l i b r i u m  v e s s e l ,  o v e r a l l
p r e s s u r e  t e s t i n g  was c a r r i e d  o u t  u s i n g  n i t r o g e n ,  w i t h  no
s u b s t r a t e  p r e s e n t  w i t h i n  t h e  u n i t ,  a s  p r e v i o u s l y  d e s c r i b e d .
When t h e  u n i t  had  b e e n  made l e a k - p r o o f ,  t h e  e q u i l i b r i u m  v e s s e l
was o p e n e d  and  t h e  l i n e r  c o n t a i n i n g  t h e  m a t e r i a l  t o  be e x t r a c t *
was i n t r o d u c e d  i n t o  t h e  p r e s s u r e  v e s s e l .
W i th  v a l v e  V c l o s e d ,  t h e  e q u i l i b r i u m  s y s t e m  was  e v a c u a t e d  
3
t o  b e lo w  1 mm Hg u s i n g  a  vacuum pump a t t a c h e d  t o  At t h e
same t i m e  t h e  c o m p r e s s o r  and  a s s o c i a t e d  p i p e w o r k  w ere  p u r g e d  
w i t h ‘t h e  g a s  s o l v e n t  f o r  a p p r o x i m a t e l y  t e n  m i n u t e s .  The u n i t  
was t h e n  h e a t e d  t o  t h e  maximum t e m p e r a t u r e  a n t i c i p a t e d  d u r i n g  
t h e  s u b s e q u e n t  e x p e r i m e n t s .  The s y s t e m  was t h e n  p r e s s u r i s e d
w i t h  s o l v e n t  g a s  t o  t h e  maximum a n t i c i p a t e d  w o r k i n g  p r e s s u r e ;  
d u r i n g  c o m p r e s s i o n  t h e  g a s  was h e a t e d  and  t h e r e f o r e  t h e  f i n a l  
s t a g e s  o f  c o m p r e s s i o n  w ere  c a r r i e d  o u t  i n  s m a l l  i n c r e m e n t s  t o  
a l l o w  t h e  g a s  t e m p e r a t u r e  t o  e q u i l i b r a t e .  was t h e n  c l o s e d
i s o l a t i n g  t h e  e q u i l i b r i u m  s y s t e m  from t h e  c o m p re ss o r , ,
The j o i n t  a t  t h e  b a s e  o f  t h e  e q u i l i b r i u m  v e s s e l  was t h e n  
c h e c k e d  f o r  g a s  l e a k a g e , a f t e r  w h ich  t h e  t e m p e r a t u r e  and  
p r e s s u r e  o f  t h e  s y s t e m  w ere  a d j u s t e d  t o  t h e  d e s i r e d  o p e r a t i n g  
c o n d i t i o n s , a n d  t h e  s t i r r e r  was. s t a r t e d .
6 . 1 . 2 .  A t t a i n m e n t  o f  E q u i l i b r i u m
The u n i t  was t h e n  s t i r r e d / u n d e r  c o n s t a n t  c o n d i t i o n s , u n t i l  
t h e  s y s t e m  was c o n s i d e r e d  to  be c l o s e  t o  e q u i l i b r i u m .  A g i t a t i o n  
w i t h i n  t h e  e q u i l i b r i u m  vo lume was a s s i s t e d  by o c c a s s i o n a l l y  • 
moving  t h e  sam ple  v e s s e l  p l u n g e r  b a c k  and  f o r t h .  T h i s  c a u s e d  
f l o w  o f  g a s  a l o n g  t h e  c o n n e c t i n g  p i p e  b e tw e e n  t h e  sam ple  v e s s e l  
and  e q u i l i b r i u m  v e s s e l .
6 ; 1 . 3  • Removal  o f  a  Sample o f  t h e  Gas P hase
B e f o r e  a  sam ple  c o u l d  be  removed,  i t  was n e c e s s a r y  t o  h e a t  
up t h e  m e t e r i n g  v a l v e  t o  p r e v e n t  d e p o s i t i o n  and p o s s i b l e
b l o c k a g e  o f  t h e  v a l v e .  The t e m p e r a t u r e  r e q u i r e d  d e p e n d e d  on 
t h e  s u b s t r a t e  b e i n g  e x t r a c t e d  and  h a d  t o  be d e t e r m i n e d  l a r g e l y  
by  t r i a l  an d  e r r o r .  W i th  t h e  p i s t o n  o f  t h e  s am p le  v e s s e l  i n  
t h e  f u l l y  o u t  p o s i t i o n ,  a  p o r t i o n  o f  t h e  e q u i l i b r i u m  s y s t e m  
was i s o l a t e d  by c l o s i n g  v a l v e  V^. As t h e  m e t e r i n g  v a l v e  was  
c r a c k e d  o p e n , t h e  p i s t o n  was s c r e w e d  i n t o  t h e  sam ple  v e s s e l  
t h u s  d e c r e a s i n g  t h e  vo lum e and  m a i n t a i n i n g  t h e  p r e s s u r e  w i t h i n  
t h e  v e s s e l .  The f lo w  o f  d e c o m p r e s s e d  g a s  was m a i n t a i n e d  a t  
a p p r o x i m a t e l y  0 . 5  l i t r e s / m i n u t e .
6 . 1 . 4 .  C o l l e c t i o n  o f  Sample
The m a t e r i a l  c o n d e n s e d  from t h e  g a s  p h a s e  was c o l l e c t e d  
i n  t h e  p r e - w e i g h e d  -components  o f  t h e  c o n d e n s a t i o n  t r a i n  w h i l s t  
t h e  g a s  was  c o l l e c t e d  i n  t h e  p r e v i o u s l y  e v a c u a t e d  p l a s t i c  
b a l l o o n .  The w e i g h t  o f  e x t r a c t e d  m a t e r i a l  p r e c i p i t a t e d  w i t h i n  
t h e  c o n d e n s a t i o n  t r a i n  was d e t e r m i n e d  by  r e w e i g h i n g  t h e  g l a s s  
t r a p s .  The g a s  c o n t a i n e d  i n  t h e  b a l l o o n  was a l l o w e d  t o  r e a c h
a m b ie n t  t e m p e r a t u r e  a f t e r  w h ich  i t  was e x p e l l e d  t h r o u g h  a  wet  
g a s  m e t e r .  The w e i g h t  o f  g a s  was t h e n  c a l c u l a t e d  f rom i t s  
vo lume a t  a t m o s p h e r i c  p r e s s u r e  a n d  t e m p e r a t u r e .  Condensed  
m a t e r i a l  was washed f rom t h e  g l a s s  t r a p s  and s t o r e d  i n  T . H . F .  
i n  50  ral g l a s s  p h i a l s  u n t i l  r e q u i r e d  f o r  a n a l y s i s  by  g a s - l i q u i d  
c h r o m a t o g r a p h y .
I n  o r d e r  t o  c a r r y  o u t  f u r t h e r  e x t r a c t i o n s  V,_ was o p e n e d  f . 
c a u s i n g  a s m a l l  f a l l  i n .p r e s s u r e ^ w h i c h  was t h e n  r e s t o r e d  t o  
t h e  d e s i r e d  w o r k i n g  p r e s s u r e  w i t h  f r e s h  e t h y l e n e  g a s .
6*2 .  U n i t  Two ( F i g u r e  9 )
6 . 2 . 1 .  P r e p a r a t i o n
A p p r o x i m a t e l y  20 g o f  t h e  m a t e r i a l  t o  be  e x t r a c t e d  was 
g ro u n d  t o  - 7 2  B . S . S .  mesh and  p l a c e d  i n  t h e  e q u i l i b r i u m  v e s s e l .
A s m a l l  amount o f  l i q u i d  s o l v e n t  (5  -  10 ml)  was t h e n  a d d e d ,  
f i r s t  t o  p r e v e n t  l o s s  o f  c r u s h e d  m a t e r i a l  d u r i n g  p r e s s u r e  
t e s t i n g  w i t h  n i t r o g e n  and  s e c o n d l y ; s u c h  t h a t  t h e r e  was some 
s o l v e n t  p r e s e n t  d u r i n g  t h e  h e a t i n g  s t a g e  p r i o r  t o  e x t r a c t i o n .
The v e s s e l  was t h e n  s e a l e d ,  a t t a c h e d  t o  t h e  s o l v e n t  p r e h e a t e r
and  c o n n e c t e d  b e t w e e n  v a l v e s  and  w i t h i n  t h e  h e a i t i n g
/
t a n k .
When t h e  s o l v e n t  r e s e r v o i r  h a d  b e e n  c h a r g e d  w i t h  s o l v e n t ,  
w i t h  V2 and c l o s e d ; t h e  s y s t e m  was p r e s s u r i s e d  w i t h  n i t r o g e n  
v i a  t o  t e s t  f o r  l e a k s ;  t h e  s o l v e n t  r e s e r v o i r  was c h e c k e d  
s e p a r a t e l y  by  p r e s s u r i n g  v i a  . When t h e  w hole  s y s t e m  was 
s u c c e s s f u l l y  s e a l e d , t h e  h e a t i n g  b a t h  was f i l l e d  w i t h  t h e  h e a t  
t r a n s f e r  f l u i d .
The e x t r a c t i o n  zone  b e tw e e n  and  was t h e n  e v a c u a t e d  
down t o  t h e  v a p o u r  p r e s s u r e  o f  t h e  l i q u i d  s o l v e n t  ( - ^ 2 0  mm Hg) 
a n d , f i n a l l y ,  t h e  h e a t i n g  t a n k  was'  s e a l e d  and  t h e  s t i r r i n g  
mechan ism  a s s e m b l e d  o v e r  t h e  b a t h .
The u n i t  t o o k  a p p r o x i m a t e l y  90 m i n u t e s  t o  r e a c h  i t s  w o r k i n g  
t e m p e r a t u r e  a f t e r  w h ic h  t h e  p r e s s u r i s i n g  p r o c e d u r e  was commenced.  
N i t r o g e n  p r e s s u r e  o f  2000 p . s . i . g .  was  a p p l i e d  t o  t h e  s o l v e n t  
r e s e r v o i r  v i a  su c h  t h a t  when V^  was  c r a c k e d  open  s o l v e n t  was  
f o r c e d  t h r o u g h  t h e  h e a t i n g  c o i l  w he re  i t  was t r a n s f o r m e d  i n t o  a
s u p e r c r i t i c a l  g a s  c a u s i n g  an  i n c r e a s e  i n  t h e  p r e s s u r e  w i t h i n  
t h e  e q u i l i b r i u m  v e s s e l .  S m a l l  a m o u n ts  o f  s o l v e n t s  were  
i n t r o d u c e d  s u c h  t h a t  t h e  p r e s s u r e  r o s e  i n c r e m e n t a l l y : t o  t h e  
<d e s i r e d ' working p r e s s u r e .  • -
6 . 2 . 2 .  A t t a i n m e n t  o f  E q u i l i b r i u m
The u n i t  r e l i e d  on n a t u r a l  d i f f u s i o n  t o  e n s u r e  even  
c o n c e n t r a t i o n  w i t h i n  t h e  g a s  p h a s e  t h r o u g h o u t  t h e  l e n g t h . o f  
p i p e w o r k  b e t w e e n  t h e  v e s s e l  and t h e  o u t l e t  v a l v e  V^, w h ich  r e p r e s e n t e d  
l e s s  t h a n  0.5% o f  t h e  e q u i l i b r i u m  vo lum e .  Miniumum r e s i d e n c e  
t i m e s  f o r  e a c h  s y s t e m  a t  c o n s t a n t  t e m p e r a t u r e  an d  p r e s s u r e  w ere  
d e t e r m i n e d  d u r i n g  p r e l i m i n a r y  e x p e r i m e n t s .
6 . 2 . 3 .  Removal  o f  an  E q u i l i b r i u m  Sample
A s am ple  was rem oved  f rom t h e  s y s t e m  by c r a c k i n g  open  V- i^ 
w i t h  V]+ and  c l o s e d ,  and  a l l o w i n g  t h e  p r e s s u r e  t o  f a l l  t o  a  
v a l u e  b e lo w  t h e  w o r k i n g  p r e s s u r e .  T h u s , a  sample  c o m p r i s i n g  
l e s s  t h a n  5% o f  t h e  c o n t e n t s  o f  t h e  a u t o c l a v e  was removed  o v e r  
a  s m a l l  p r e s s u r e  r a n g e  ( - ^ 1 0 0  p . s . i . g . ) .  The a c c u r a c y  o f  a n y  
d e t e r m i n a t i o n ,  f o r  i n s t a n c e  when low  g a s  p h a s e  c o n c e n t r a t i o n s  
were  b e i n g  m e a s u r e d ,  c o u l d  be  i n c r e a s e d  by r e p r e s s u r i s i n g  t o  
t h e  o r i g i n a l  p r e s s u r e  and  t a k i n g  a  f u r t h e r  s a m p le  a f t e r  t h e  
s y s t e m  h a d  b e e n  a l l o w e d  t o  r e - e q u i l i b r a t e .  The i m p l i c a t i o n s  o f  
t h i s  s a m p l i n g  p r o c e d u r e  a r e  d i s c u s s e d  i n  8 . 2 .
6 . 2 . 4 .  R e c o v e ry  o f  e x t r a c t  and  m e a su re m en t  o f  g a s  p h a s e  
c o n c e n t r a t i o n
The c o n d e n s e d  s o l u t i o n  was c o l l e c t e d  i n  t h e  c a t c h p o t
b e n e a t h  t h e  c o n d e n s e r  and  removed v i a  V_. The e x i t  o f
5
v a l v e  V j , t h e  c o n d e n s e r  and  c a t c h p o t  w ere  t h e n  w ashed  w i t h  
T . H . F .  t o  r e c o v e r  any  p r e c i p i t a t e d  e x t r a c t .  T h i s  was r e c o v e r e d  
b y  vacuum d i s t i l l a t i o n  (150°C and 50 mm Hg) and  adde :d t o  t h e  
s o l u t i o n  o f  e x t r a c t  i n  l i q u i d  s o l v e n t .  The w hole  e x t r a c t  was 
t h e n  r e c o v e r e d  by  vacuum d i s t i l l a t i o n ,  w e ighed  on a  f o u r -  
f i g u r e  b a l a n c e  and  e x p r e s s e d  a s  a  p e r c e n t a g e  o f  t h e  c o n d e n s e d  
s o l u t i o n , ,  .
6 . 2 . 5 «  F u r t h e r  D e t e r m i n a t i o n s
F u r t h e r  e q u i l i b r i u m  g a s  p h a s e  c o n c e n t r a t i o n s  on  t h e  same 
s y s t e m  c o u l d  t h e n  be d e t e r m i n e d  by. a d j u s t i n g  t h e  t e m p e r a t u r e  
and  p r e s s u r e  and  a l l o w i n g  t i m e  f o r  e q u i l i b r i u m  t o  be  a c h i e v e d  
and  t h e n  r e p e a t i n g  t h e  ab o v e  p r o c e d u r e .
6 . 3 .  U n i t  T h re e
6 . 3 * 1 .  P r e p a r a t i o n
T h i s  u n i t  was u s e d  e i t h e r  f o r  t h e  d i r e c t  e x t r a c t i o n  o f
c o a l  o r  t h e  e x t r a c t i o n  o f  c o a l  d i g e s t s  o b t a i n e d  f rom Markham
c o a l  (C .R .C .  8 0 2 ) .  T h e s e  d i g e s t s  w e re  p r o d u c e d  ' i n  s i t u '  by
d i g e s t i n g  1 kg  -7 2  B . S . S .  mesh c o a l  i n  3 k g  T e t r a l i n  a t  400°C }
f o r  1 h o u r  ^wi th  s t i r r i n g  u n d e r  a u t o g e n o u s  p r e s s u r e .  
S u b s e q u e n t l y  e x c e s s  t e t r a l i n  and  n a p h t h a l e n e ,  a  p r o d u c t  o f  t h e  
h y d r o g e n a t i o n  p r o c e s s ,  w ere  d i s t i l l e d  o f f  a t  300°C.
When t h e  d i g e s t  o r  c o a l ,  g ro u n d  t o  -7 2  B.S .S  . m esh ,  h a d  
b e e n  i n t r o d u c e d  i n t o  t h e  a u t o c l a v e  t h e  r e q u i r e d  amount o f  
s o l v e n t  t o  p r o d u c e  1500 p . s . i . g .  a t  t h e  s e l e c t e d  w o r k i n g  
t e m p e r a t u r e  was a d d e d .  The l i d  was  t h e n  s e c u r e d  an d  
c o n n e c t i o n s  were  made t o  t h e  s t i r r e r  d r i v e ,  t h e r m o c o u p l e s ,  
b u r s t i n g  d i s c  o u t l e t  and  c o n d e n s a t i o n  t r a i n .
I n  m os t  c a s e s  t h e  u n i t  was h e a t e d  d i r e c t l y  t o  t h e  
e x t r a c t i o n  t e m p e r a t u r e  w i t h  s t i r r i n g  and  t h i s  t o o k  a b o u t  t h r e e  
h o u r s .  However, d u r i n g  t h e  i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  t h e  
w a t e r  c o n t e n t  o f  t h e  s y s t e m ,  t h e  h e a t i n g  was h a l t e d  a t  120°C, 
a t  w h ich  p o i n t  some o f  t h e  w a t e r  was d i s t i l l e d  o f f  w i t h  e x c e s s  
t o l u e n e  w h ich  had  b e e n  a d d e d  w i t h  t h e  i n i t i a l  c h a r g e .
6 c 3 . 2 .  A t t a i n m e n t  o f  E q u i l i b r i u m
The s y s t e m  was s t i r r e d  a t  t h e  s e l e c t e d  e x t r a c t i o n  
t e m p e r a t u r e  f o r  a  s e t  t i m e ,  u s u a l l y  30 m i n u t e s .  S i n c e  f i n e l y  
d i v i d e d  c o a l  was u s e d ^ n  many c a s e s  a  f u r t h e r  15 m i n u t e s
' s e t t l i n g '  p e r i o d  w i t h o u t  s t i r r i n g  was a l l o w e d ^ p r i o r  t o  t h e  
r e m o v a l  o f  t h e  g a s  p h a s e ^ t o  a l l o w  c o m p l e t e  s e p a r a t i o n  o f  t h e  
s o l i d  and  g a s e o u s  p h a s e s .  ■.
6 .3«3«  Removal  o f  Gas P h a s e
I n  c o n t r a s t  t o  t h e  e q u ip m e n t  p r e v i o u s l y  d e s c r i b e d  t h e  
w hole  o f  t h e  g a s  p h a s e  was  removed f rom t h e  g a s  p h a s e  r a t h e r  
t h a n  a  s m a l l  r e p r e s e n t a t i v e  e q u i l i b r i u m  s a m p le .  The o u t l e t  
v a l v e  was o p en ed  and  t h e  s y s t e m  d e c o m p r e s s e d  t o  a t m o s p h e r i c  
p r e s s u r e ,  a s  t h e  g a s  p h a s e  was e x p e l l e d  t h r o u g h  t h e  c o n d e n s a t i o n  
t r a i n  a t  a  r a t e  o f  a p p r o x i m a t e l y  5 - l i t r e s  o f  c o n d e n s a t e  p e r  
h o u r .  Some e x t r a c t  was  p r e c i p i t a t e d  w i t h i n  t h e  c o n d e n s e r  
w h i l s t  t h e  c o n d e n s e d  s o l v e n t ,  c o n t a i n i n g  t h e  r e m a i n d e r  o f  t h e  
e x t r a c t ,  was c o l l e c t e d  i n  t h e  c o o l e d  f l a s k .
6 . 3 * 4 .  • R ecove ry  o f  P r o d u c t s
Any g a s  p r o d u c e d  d u r i n g  t h e  e x t r a c t i o n  p a s s e d  t h r o u g h  t h e  
c o n d e n s a t i o n  s y s t e m  and  e n t e r e d  t h e  w a t e r - f i l l e d  a s p i r a t o r  f rom  
w hich  w a t e r  was r u n  o f f  t o  m a i n t a i n  a t m o s p h e r i c  p r e s s u r e  w i t h i n  
t h e  a s p i r a t o r ,  a s  i n d i c a t e d  by a  w a t e r - f i l l e d  monom ete r  c o n n e c t e d  
-to i t .  At t h e  end o f  t h e  ' l e t - d o w n 1 p e r i o d  a  500  ml s a m p le  o f  
g a s  was removed  f o r  a n a l y s i s .
E x t r a c t  p r e c i p i t a t e d  i n  t h e  c o n d e n s e r  was d i s s o l v e d  o u t  
u s i n g  t e t r a h y d r o f u r a n  s i n c e  i t  was n o t  t o t a l l y  s o l u b l e  i n  l i q u i d  
t o l u e n e .  T h i s  e x t r a c t  was  r e c o v e r e d  by  d i s t i l l i n g  o f f  t h e  
s o l v e n t  a t  150°C and  50 mm Hg p r e s s u r e  i n  a  500 ml f l a s k  h e a t e d  
i n  a  f l u i d i s e d  s a n d b a t h .
E x t r a c t  c o n t a i n e d  i n  t h e  c o n d e n s e d  s o l v e n t  was r e c o v e r e d  
by  d i s t i l l a t i o n  u n d e r  t h e  c o n d i t i o n s  m e n t i o n e d  a b o v e .  The ■ 
w a t e r  fo rm ed  d u r i n g  e x t r a c t i o n  was t h e n  s e p a r a t e d  f rom t h e  
d i s t i l l a t e  and  m e a s u r e d  u s i n g  a  Dean and  S t a r k  d i s t i l l a t i o n  
h e a d .  S am ples  o f  t h e  e x t r a c t  were  t h e n  s u b m i t t e d  f o r  
m o l e c u l a r  w e i g h t  and  s o f t e n i n g  p o i n t  ' d e t e r m i n a t i o n  and  u l t i m a t e  
e l e m e n t a l  a n a l y s i s .
When t h e  a u t o c l a v e  h a d  c o o l e d  t h e  r e s i d u e  was removed 
and  w e ig h e d .  Two s a m p l e s  w ere  d r i e d  i n  a vacuum o v en  a t  
11Q°C t o  d e t e r m i n e  t h e  s o l v e n t  c o n t e n t ,  f u r t h e r  s a m p l e s  w ere  
s u b m i t t e d  f o r  p r o x i m a t e  and  u l t i m a t e  a n a l y s i s .
6 . 3 . 5 . F u r t h e r  E x t r a c t i o n
S i n c e  t h e  g a s  p h a s e  was  o b t a i n e d  by  r e d u c i n g  t h e  p r e s s u r e  
w i t h i n  t h e  a u t o c l a v e  some e x t r a c t  was  p r e c i p i t a t e d  on t o  t h e  
r e s i d u e  and  t h e  i n t e r n a l  s u r f a c e s  o f  t h e  a u t o c l a v e .  More 
c o m p l e t e  e x t r a c t i o n  was  a c h i e v e d  by  r e p e a t i n g  t h e  e x t r a c t i o n  
p r o c e d u r e  a  number o f  t i m e s  by  a d d i n g  f r e s h  c h a r g e s  o f  s o l v e n t  
t o  t h e  r e s i d u e .
7 .  EXPERIMENTAL RESULTS
The e x p e r i m e n t a l  programme i s  b r i e f l y  o u t l i n e d  b e l o w .  I t  
c o n s i s t e d  o f  t h r e e  d i s t i n c t  p i e c e s  o f  work each  c o n c e r n e d  w i t h  
a  u n i t  o f  e q u ip m en t  a l r e a d y  d e f i n e d .  Each i n d i v i d u a l  programme 
f o l l o w e d  t h e  s t e p s  l i s t e d  b e l o w :
( i )  C o m m is s io n in g  t h e  e q u i p m e n t ,  i n c l u d i n g  f o r m u l a t i o n
o f  a  s a t i s f a c t o r y  o p e r a t i n g  t e c h n i q u e  and  c a l i b r a t i o n  
a g a i n s t  known d a t a  w here  p o s s i b l e .
( i i )  D e t e r m i n a t i o n  o f  r a t e  o f  a p p r o a c h  t o  e q u i l i b r i u m  t o  
a s c e r t a i n  minimum r e s i d e n c e  t i m e s .
( i i i )  D e t e r m i n a t i o n  o f  e f f e c t  o f  o p e r a t i n g  v a r i a b l e s ,  i . e .
t e m p e r a t u r e ,  p r e s s u r e ,  s o l v e n t  t y p e  o f  t h e  e q u i l i b r i u m  
g a s  p h a s e  c o n c e n t r a t i o n s  an d  u l t i m a t e l y  t h e  t o t a l  y i e l d  
. o f  m a t e r i a l s  s o l u b l e  i n  t h e  c o m p re s s e d  g a s  p h a s e .
( i v )  A n a l y s i s  o f  p r o d u c t s ,  e x t r a c t e d  m a t e r i a l  an d  r e s i d u e  
f o r  c o m p a r i s o n  w i t h  f e e d s t o c k s .
The s y s t e m s  i n v e s t i g a t e d  and  t h e  r a n g e  o f  o p e r a t i n g  
c o n d i t i o n s  a r e  su m m a r is ed  i n  T a b l e  4 ,  p a g e  50 ,  and  e x p e r i m e n t a l  
r e s u l t s  a r e  t a b u l a t e d  i n  A pp en d ix  1.
7 . 1 .  U n i t  One
7 . 1 * 1 .  The System N a p h t h a l e n e / E t h y l e n e
The i n i t i a l  e x p e r i m e n t s  i n v o l v e d  t h e  d e t e r m i n a t i o n  o f  g a s  
p h a s e  c o n c e n t r a t i o n  o f  n a p h t h a l e n e  a t  i n c r e a s i n g  t i m e  i n t e r v a l s  
t o  d e f i n e  t h e  a p p r o a c h  t o  a n  e q u i l i b r i u m  c o n d i t i o n ,  t h e  r e s u l t s  
a r e  shown i n  T a b l e  5* D u r i n g  t h e s e  d e t e r m i n a t i o n s  t h e  
t e m p e r a t u r e  o f  t h e  e x i t  m e t e r i n g  v a l v e  on t h e  s a m p le  l i n e
was a d j u s t e d  s u c h  t h a t  b l o c k i n g ,  w h ich  c a u s e d  f l u c t u a t i o n s  i n  
p r e s s u r e  d u r i n g  t h e  s a m p l i n g  p r o c e d u r e ,  was a v o i d e d .
E q u i l i b r i u m  d e t e r m i n a t i o n s , s h o w n  i n  T a b l e  6 , w ere  t h e n  made 
a t  2 5 ° C and  45°C, a t  a  number  o f  s y s t e m  p r e s s u r e s .  T h es e  
t e m p e r a t u r e s  were  c h o s e n  s u c h  t h a t  c o m p a r i s o n s  c o u l d  be made 
w i t h  d a t a  q u o t e d  i n  t h e  l i t e r a t u r e .
A t y p i c a l  c a l c u l a t i o n  o f  t h e  g a s  p h a s e  c o n c e n t r a t i o n  o f  
n a p h t h a l e n e  from, e x p e r i m e n t a l  m e a s u r e m e n t s  i s  g i v e n  i n  
A ppend ix  2 .
7 . 1 . 2 .  The Sys tem Coal  T a r / E t h y l e n e
A f t e r  m in o r  m o d i f i c a t i o n s  had  b e e n  made t o  t h e  u n i t  
( s e e  8 . 1 . 1 . )  a  s am p le  o f  d e h y d r a t e d  coke  oven  t a r  was  i n t r o d u c e d  
i n t o  t h e  e q u i l i b r i u m  v e s s e l .  A l l  t h e  r e s u l t s  r e p o r t e d  were  
o b t a i n e d  f rom m e a s u r e m e n t s  o b t a i n e d  on t h i s  s i n g l e  t a r  s a m p l e .  
D e t e r m i n a t i o n s  o f  e q u i l i b r i u m  g a s  p h a s e  c o n c e n t r a t i o n s  w ere  t h e n  
c a r r i e d  o u t  a t  25 ,  5 0 ,  75 and  100°C a t  p r e s s u r e s  f rom 1500 p . s . i .  
t o  4500 p . s . i . g .  .
C oa l  t a r ,  i n  common w i t h  t h e  c o a l  d e r i v e d  s u b s t r a t e s  
i n v e s t i g a t e d  i n  t h e  o t h e r  u n i t s ,  i s  a  m u l t i c o m p o n e n t  m a t e r i a l .  
Each  component  h a s  a  u n i q u e  vap'our p r e s s u r e  a n d ,  e s p e c i a l l y  i n  
t h e  c a s e  o f  c o a l  t a r ,  t h e r e  a r e  w ide  d i f f e r e n c e s  i n  t h e  v a p o u r  
p r e s s u r e s  o f  i n d i v i d u a l  c o m p o n e n t s .  The p r e s e n c e  o f  a  c o m p r e s s e d  
g a s  p h a s e  above  t h e  c o a l  t a r  w i l l  m a g n i f y  t h e  v a p o u r  p r e s s u r e  
o f  t h e  i n d i v i d u a l  componen t  i n  t h e  m i x t u r e ,  which  w i l l  be  d e f i n e d  
by  R a o u l t s  Law, and, u n l e s s  c h e m i c a l  a f f i n i t y  b e t w e e n  t h e  g a s
m o l e c u l e s  and c e r t a i n  s u b s t r a t e  m o l e c u l e s  h a s  a  m a j o r  e f f e c t ,  
t h e  c o m p o s i t i o n  o f  t h e  g a s  p h a s e  w i l l  be d e p e n d e n t  on t h e  v a p o u r  
p r e s s u r e s  o f  t h e  c o m p o n e n t s  o f  t h e  s u b s t r a t e .  The c o n s e q u e n c e  
o f  t h i s ,  a s  i n  d i s t i l l a t i o n , i s  t h a t  t h e  more v o l a t i l e  com ponen ts  
w i l l  be p r e f e r e n t i a l l y  removed  o r  s t r i p p e d  from t h e  s u b s t r a t e .  
T h e r e f o r e ,  a s  e x t r a c t i o n  p r o c e e d s , t h e  s u b s t r a t e  becom es  l e s s  
v o l a t i l e ,  w h ich  w i l l  l e a d  t o  l o w e r  g a s  p h a s e  c o n c e n t r a t i o n s .  As 
a  r e s u l t  an  a d d i t i o n a l  s y s t e m  p a r a m e t e r  must  be  s t u d i e d ,  t h a t  i s  
t h e  ' d e g re e  o f  s t r i p p i n g '  o f  t h e  s u b s t r a t e .
T h i s  t e rm  i s  d e f i n e d  a s  t h e  t o t a l  p r o p o r t i o n  o f  t h e  f e e d  m a t e r i a l , 
e x p r e s s e d . a s  a  p e r c e n t a g e ,  e x t r a c t e d  from t h e  o r i g i n a l  s u b s t r a t e ,  
i n c l u d i n g  t h a t  e x t r a c t  h e l d  up i n  t h e  g a s  p h a s e  a t  t h e  t i m e  o f  
s a m p l i n g .  A sam ple  c a l c u l a t i o n  o f  g a s  p h a s e  c o n c e n t r a t i o n  o f  
t a r  e x t r a c t  and p e r c e n t a g e  d e g r e e  o f  s t r i p p i n g  o f  t h e  s u b s t r a t e  
i s  g i v e n  i n  A ppend ix  2 .
The e x p e r i m e n t a l  r e s u l t s  o b t a i n e d , t o g e t h e r  w i t h  t h e  
o p e r a t i n g  c o n d i t i o n s ,  a r e  shown i n  T a b l e  8.  Each i n d i v i d u a l  
e q u i l i b r i u m  c o n c e n t r a t i o n  q u o t e d  i s  t h e  r e s u l t  o f  c a r r y i n g  o u t  
a  s e r i e s  o f  d e t e r m i n a t i o n s ,  u s u a l l y  two o r  t h r e e ,  t o  e s t a b l i s h  
t h a t  e q u i l i b r i u m  h a s  b e e n  r e a c h e d .  F o r  example,  the* s e r i e s  
q u o t e d  i n  T a b l e  7 was d e t e r m i n e d  t o  e s t a b l i s h  t h a t  t h e  s am p le  
o b t a i n e d  i n  Run No. kj> was an  e q u i l i b r i u m  s a m p l e .
When t h e  e x p e r i m e n t  was  f i n a l l y  t e r m i n a t e d  t h e  r e s i d u e  was 
fo u n d  t o  be  a p i t c h - l i k e  m a t e r i a l  h a v i n g  a s o f t e n i n g  p o i n t  o f  
109°C R&B ( s e e  A ppend ix  5 ) .
C e r t a i n  e x t r a c t s  o b t a i n e d  f rom e q u i l i b r i u m  s a m p l e s  were  
a n a l y s e d  f o r  m a j o r  co m p o n e n t s  by  g a s - l i q u i d  c h r o m a t o g r a p h y  
( s e e  A p p en d ix  5)* The a n a l y s e s ,  q u o t i n g  t h e  p e r c e n t a g e  by 
w e i g h t  o f  t h e  m a j o r  c o m p o n e n t t a r e  shown i n  T a b l e  9»
7«2 .  U n i t  Two
The mode o f  o p e r a t i o n  was s i m i l a r  t o  t h a t  a d o p t e d  w i t h  
u n i t  one i n  t h a t  r e p e a t e d  m e a s u r e m e n t s  were made u n t i l  a  c o n s t a n t  
g a s  p h a s e  c o n c e n t r a t i o n  was a t t a i n e d .  The c a l c u l a t i o n  o f  t h e  
d e g r e e  o f  s t r i p p i n g  o f  t h e  s u b s t r a t e  had  t h e  same b a s i s  a s  t h a t  
u s e d  i n  t h e  e x t r a c t i o n  o f  c o a l  t a r  w i t h  e t h y l e n e .  However ,  
i n s t e a d  o f  a  f i x e d  volume o f  c o m p re s s e d  b e i n g  rem ove d ,  t h e  
sam ple  o f  t h e  c o m p re s s e d  g a s  was t a k e n  o v e r  a  s m a l l  p r e s s u r e  
r a n g e .  T h e r e f o r e ,  i n  o r d e r  t o  c a l c u l a t e  t h e  t o t a l  amount o f  
m a t e r i a l  h e l d  i n  t h e  g a s  p h a s e  a t  t h e  t i m e  o f  s a m p l in g ,  i t  was 
n e c e s s a r y  t o  know t h e  d e n s i t y  o f  t h e  g a s  p h a s e  p r e s e n t  w i t h i n  
t h e  e q u i l i b r i u m  s y s t e m  when t h e  sam p le  was t a k e n .  I t  was
t h e r e f o r e  n e c e s s a r y  t o  know t h e  p r e s s u r e  d e n s i t y  r e l a t i o n s h i p
f o r  ea c h  g a s  a t  t h e  e x t r a c t i o n . t e m p e r a t u r e .
I t  i s  p o s s i b l e ,  f rom c o m p r e s s i b i l i t y  d a t a (  92 ), t o  c a l c u l a t e  
t h i s  r e l a t i o n s h i p  f rom t h e  e q u a t i o n  o f  s t a t e  f o r  a  r e a l  g a s ,  
s i n c e ,
P = n / y Z KT
and  Gas d e n s i t y  = ~  g / l i t r e
V ZRT
w here  M = m o l e c u l a r  w e i g h t  o f  t h e  g a s .
However, t h e  c o m p r e s s i b i l i t y  o f  a  g a s  i s  a  m e a s u r e  o f  t h e  
n o n - i d e a l i t y  o f  t h e  s y s t e m  a n d , i n  p r a c t i c e ,  t h i s  d e g r e e  o f  
n o n - i d e a l i t y  w i l l  depend  on t h e  p r e s e n c e  o f  o t h e r  m a t e r i a l  
d i s s o l v e d  i n  t h e  g a s .  T h e r e f o r e  a c t u a l  c a l i b r a t i o n s  oh s y s t e m s  
w ere  made a s  f o l l o w s :  t h e  s y s t e m  was p r e s s u r i s e d  t o  1500  p . s . i . g .
and  l e f t  f o r  a  p e r i o d  o f  t i m e  i n  e x c e s s  o f  t h e  minimum r e s i d e n c e  
t i m e  r e q u i r e d  t o  r e a c h  e q u i l i b r i u m .  The s y s t e m  was t h e n  
d e p r e s s u r i s e d  i n c r e m e n t a l l y  an d  e a c h  i n c r e m e n t  o f  c o n d e n s e d  
s o l u t i o n  was c o l l e c t e d  and  w e ig h e d  s e p a r a t e l y .
S i n c e  ea c h  sam p le  was removed o v e r  a  s m a l l  p r e s s u r e  r a n g e  
i t  i s  d e b a t a b l e  what  p a r t i c u l a r  p r e s s u r e  t h e  g a s  p h a s e  
c o n c e n t r a t i o n  m e a s u re d  a p p l i e s  t o .  When e q u i l i b r i u m  h a s  b e e n  
r e a c h e d  t h e  r e d u c t i o n  i n  p r e s s u r e  d u r i n g  s a m p l i n g  w i l l  r e s u l t  
i n  p r e c i p i t a t i o n  o f  d i s s o l v e d  m a t e r i a l  p r e s u m a b l y  a s  a  f i n e  
m i s t .  I f ;  t h e  w hole  o f  t h e  p r e c i p i t a t e d  m a t e r i a l  r e m a i n s  i n  t h e  
e q u i l i b r i u m  v e s s e l  t h e  r e s u l t i n g  d e t e r m i n a t i o n  a p p l i e s  t o  t h e  
a v e r a g e  p r e s s u r e  d u r i n g  s a m p l i n g .  However, i f  t h e  p r e c i p i t a t e d  
m a t e r i a l  i s  c o m p l e t e l y  s w e p t  o u t  i n  t h e  sample,  t h e  g a s  p h a s e  
c o n c e n t r a t i o n  a p p l i e s  t o  t h e  p r e s s u r e  p r i o r  t o  s a m p l i n g .  S a m p le s  
w ere  removed  a t  an  a p p r o x i m a t e  r a t e  o f  2 . 5  c . c .  c o m p r e s s e d  g a s  
p e r  s e c o n d  and  t h e  r e s u l t i n g  R e y n o l d s  Number i n  t h e  e x i t  t u b e
■Z
iiS 8 x  10 and  i t  i s  u n l i k e l y  t h a t  p r e c i p i t a t i o n  o c c u r s .
T h e r e f o r e  t h e  e x t r a c t i o n  p r e s s u r e s  q u o t e d  a r e  t h o s e  a t  t h e  
commencement o f  t h e  s a m p l i n g  p r o c e d u r e .
7 . 2 . 1 .  The Sys tem s  C o a l  E x t r a c t / T e t r a h y d r o f u r a n  and  
C oa l  E x t r a c t / T o l u e n e
C o m m iss ion ing  work  t o o k  p l a c e  d u r i n g  t h e  i n v e s t i g a t i o n  o f  
t h e s e  s y s t e m s  and  s i m p l y  c o n s i s t e d  o f  t h e  f o l l o w i n g :
( i )  D e t e r m i n a t i o n  o f  a  s u i t a b l e  sam ple  r a t e .
( i i )  C h eck in g  and  m i n i m i s i n g  t e m p e r a t u r e  f l u c t u a t i o n s  
i n  t h e  h e a t i n g  b a t h .
( i i i )  Check ing  t h e  r e p r o d u c i b i l i t y  o f  d e t e r m i n a t i o n s .
T h e r e  were  no p r o b l e m s  a s s o c i a t e d  w i t h  t h e  r e m o v a l  o f  an  
e q u i l i b r i u m  sam ple  and  i t  w a s  d e t e r m i n e d  t h a t  s a m p l i n g  c o u l d  be  
c a r r i e d  o u t  a t  2 . 5  cc c o m p re s s e d  g a s  p e r  second,  c o r r e s p o n d i n g  
t o  a  s a m p l i n g  t i m e  o f  5 . s e c o n d s , w i t h o u t  c a u s i n g  an y  f l u c t u a t i o n  
w i t h i n  t h e  e q u i l i b r i u m  v e s s e l .
Some p r o b l e m s  were  e n c o u n t e r e d  w i t h  t e m p e r a t u r e  d i s t r i b u t i o n  w i t h i n  
t h e  h e a t i n g  t a n k  c a u s e d  by  t h e  s t i r r i n g  mechanism s i e z i n g ,  due 
to  o v e r h e a t i n g  o f  t h e  g l a n d s .  T h i s  was e s p e c i a l l y  a  p r o b le m  
d u r i n g  t h e  e x t r a c t i o n s  u s i n g  THF a s  s o l v e n t .
E x t r a c t i o n s  w ere  c a r r i e d  o u t  a t  t e m p e r a t u r e s  m a r g i n a l l y  
above  t h e  c r i t i c a l  t e m p e r a t u r e  o f  t h e  s o l v e n t s  ( T ^ ~  1 . 0 5 ) an d  
a t  p r e s s u r e s  f rom 900 t o  1500 p . s . i . g .  D u p l i c a t e  d e t e r m i n a t i o n s  
were  made and  showed good a g r e e m e n t  e v e n  when t h e  number o f  
s a m p l i n g  c y c l e s  was i n c r e a s e d  from two t o  n i n e .  The r e s u l t s  
a r e  g i v e n  i n  T a b l e s  15 and  ' I k ,
T h e o r e t i c a l  c a l c u l a t i o n s  o f  t h e  g a s  p h a s e  d e n s i t y  a t  
p r e s s u r e s  up t o  1500  p . s . i . g .  were  made on b o t h  s y s t e m s  and  
t h e  c a l c u l a t e d  v a l u e s  a r e  r e p o r t e d  i n  T a b l e  17.
7 * 2 . 2 .  The System Markham C o a l / T e t r a h y d r o f u r a n  -
A d r i e d  sam ple  o f  - 7 2  B . S . S .  mesh Markham C oa l  was u s e d  
f o r  t h e s e  e x t r a c t i o n s .  A s i n g l e  o p e r a t i n g  p r e s s u r e ,  a p p r o x i m a t e l y  
1500 p . s . i . g . ,  was em ployed  and  i n i t i a l l y  t h e  e x t r a c t i o n  
t e m p e r a t u r e  was 500°C.  S u b s e q u e n t l y ,  i n  o r d e r  t o  e f f e c t  a  
g r e a t e r  d e g r e e  o f  b reakdow n  o f  t h e  c o a l ,  an  e x t r a c t i o n  t e m p e r a t u r e
o f  a p p r o x i m a t e l y  ^ 6 0 ° C  was  u s e d .  The r e s u l t s  a r e  shown i n  
T a b l e  15*
An e x p e r i m e n t a l  d e t e r m i n a t i o n  o f - t h e  g a s  p h a s e  d e n s i t y  up 
t o  a  s y s t e m  p r e s s u r e  o f  1750  p . s . i . g .  was made and  v a l u e s  w ere  
a l s o  c a l c u l a t e d  f o r  c o m p a r i s o n .  T h ese  a r e  shown i n  
T a b l e  18.  .
7 . 2 . 5 *  The Sys tem Coal  T a r  P i t c h / A c e t o n e
o RT h i s  s y s t e m  was i n v e s t i g a t e d  a t  250 C (T = 1 . 0 5 )  and 
1500 p . s . i . g .  The r e s u l t s  a r e  r e c o r d e d  i n  T a b l e  16 .  Gas p h a s e  
d e n s i t y  a t  a  number o f  p r e s s u r e s  was d e t e r m i n e d ^ b o t h  
e x p e r i m e n t a l l y  and  by  c a l c u l a t i o n ^ a n d  t h e  r e s u l t s  a r e  g i v e n  i n  
T a b l e  18.  A sam ple  c a l c u l a t i o n  o f  t h e  g a s  p h a s e  c o n c e n t r a t i o n  
o f  d i s s o l v e d  m a t e r i a l  and  t h e  d e g r e e  o f  s t r i p p i n g  f rom t h e  
m e a s u r e m e n t s  o b t a i n e d  i s  g i v e n  i n  A pp en d ix  2 .
Mass b a l a n c e  d a t a  an d  a n a l y s e s  p e r t a i n i n g  t o  t h e  f e e d s t o c k s  
and  r e s i d u e  f o r  eac h  s y s t e m  a r e  g i v e n  i n  T a b l e  20 .
A f u r t h e r  a n a l y s i s Jw h ich  i l l u s t r a t e d  t h e  f r a c t i o n a t i o n  
a c h i e v e d  d u r i n g  t h e  e x t r a c t i o n  o f  p i t c h  w i t h  a c e t o n e ; was t h e  
d e t e r m i n a t i o n  o f  t h e  c o k i n g  v a l u e s  o f  v a r i o u s  b l e n d e d  f r a c t i o n s  
o f  t h e  e x t r a c t e d  m a t e r i a l .  T hese  v a l u e s  a r e  shown i n  T a b l e  2 1 .
7*3* U n i t  T h re e
E x p e r i m e n t s  i n  t h e  10 l i t r e  a u t o c l a v e  were  c a r r i e d  o u t  to  
d e t e r m i n e  t h e  o v e r a l l  y i e l d s  o f  e x t r a c t  w hich  c o u l d  be  o b t a i n e d  
f rom ’h y d r o g e n - d o n o r 1 c o a l  d i g e s t  and  d i r e c t l y  f rom c o a l ; u s i n g  
s u c c e s s i v e  b a t c h  e x t r a c t i o n s  t o  a c h i e v e  h i g h  s o l v e n t / s u b s t r a t e  
r a t i o s .  T h e r e  was no f a c i l i t y  f o r  t h e  d e t e r m i n a t i o n  o f  
e q u i l i b r i u m  g a s  p h a s e  c o n c e n t r a t i o n s .
The o p e r a t i n g  c o n d i t i o n s  q u o t e d  f o r  ea c h  r u n  a r e  t h e  
c o n d i t i o n s  w h ich  p r e v a i l e d  a t  t h e  t i m e  when d e p r e s s u r i s a t i o n  
o f  t h e  g a s  p h a s e  t h r o u g h  t h e  c o n d e n s a t i o n  t r a i n  commenced.
T e m p e r a t u r e s  up t o  k O O ° C  were  u s e d  and  t h e  d e s i r e d  w o r k i n g  
p r e s s u r e  f o r  a l l  e x t r a c t i o n s  was i n  t h e  r a n g e  1 3 0 0 -1 5 0 0  p . s . i . g  
F l u c t u a t i o n s  i n  t h e  w o r k i n g  p r e s s u r e s  a c h i e v e d  w ere  i n e v i t a b l e  
s i n c e  t h e  w o r k i n g  p r e s s u r e  a c h i e v e d  d epended  on a number o f  
u n p r e d i c t a b l e  f a c t o r s ,  i . e . :
( i )  The amount o f  w a t e r  p r e s e n t  a s  a  r e s u l t  o f  c o a l
m o i s t u r e  and  w a t e r  p r o d u c e d  a s  a  r e s u l t  o f  t h e
d e p o l y m e r i s a t i o n  o f  c o a l .
( i i )  Gas p r o d u c e d  d u r i n g  t h e  e x t r a c t i o n .
As e x p e r i e n c e  was g a i n e d  i n  o p e r a t i o n  o f  t h e  u n i t  m i n o r
a d j u s t m e n t s  c o u l d  be made t o  t h e  c a l c u l a t e d  s o l v e n t  r e q u i r e m e n t  
and  s m a l l e r  v a r i a t i o n s  i n  w o r k in g  p r e s s u r e  w ere  a c h i e v e d .
E x t r a c t i o n  o f  H y d rogen -D onor  C oa l  D i g e s t
The d i g e s t  o f  Markham Coal  ( C .R .C .  802) u s e d  i n  t h e s e  
e x p e r i m e n t s  was p r o d u c e d  by a p r o c e d u r e  d e s c r i b e d  i n  S e c t i o n  6 . 3 * 1 *  
T h i s  d i g e s t ,  i n  f a c t ,  c o n s i s t e d  o f  ’ s o l u b i l i s e d ’ c o a l  o r  c o a l  
e x t r a c t ,  a s  u s e d  i n  t h e  e x p e r i m e n t s  c a r r i e d  o u t  i n  U n i t  No. 2 ,  
i n  t h e  p r e s e n c e  o f  t h e  u n d i s s o l v e d  c o a l  r e s i d u e .  F o u r  s u c c e s s i v e  
e x t r a c t i o n s  o f  t h e  same d i g e s t  w ere  c a r r i e d  o u t  u s i n g  eac h  o f  
t h r e e  s o l v e n t s ;  o p e r a t i n g  t e m p e r a t u r e s  were c h o s e n  su c h  t h a t ,  
t h e  r e d u c e d  o p e r a t i n g  t e m p e r a t u r e  was a p p r o x i m a t e l y  1 .03* The 
o p e r a t i n g  d a t a  and y i e l d s  o f  e x t r a c t  a r e  g i v e n  i n  T a b l e  2 2 ,  Mass 
b a l a n c e  m e a s u r e m e n t s  a r e  shown i n  T a b l e  23 and  a n a l y s e s  o f  t h e  
e x t r a c t i o n  p r o d u c t s  a r e  g i v e n  i n  T a b l e  24 .
7 • 3 • 2 ? .  D i r e c t  E x t r a c t i o n  o f  Coal
I n i t i a l l y ,  a  g e n e r a l  s t u d y  was made t o  d e t e r m i n e  t h e  e f f e c t  
on t a r  y i e l d ,  d u r i n g  two b a t c h  e x t r a c t i o n s ,  o f  a  w ide  r a n g e  o f  
p a r a m e t e r s  i n c l u d i n g :
1.  P r e s e n c e  o f  w a t e r  and  a i r  i n  t h e  a u t o c l a v e .
2 .  S o l v e n t  t y p e .
3* E x t r a c t i o n  t e m p e r a t u r e .
4 .  Coa l  r a n k .
5* C oa l  p a r t i c l e  s i z e .
6 .  S o l v e n t  t o  c o a l  r a t i o .
The o p e r a t i n g  c o n d i t i o n s  and p r o d u c t  y i e l d s  f o r  t h e s e  
e x t r a c t i o n s  a r e  shown i n  T a b l e  2 6 .  C oa l  e x t r a c t s  o b t a i n e d  i n  
e a c h  s i n g l e  s t a g e  e x t r a c t i o n  were  k e p t  s e p a r a t e l y  and  s u b m i t t e d
f o r  e l e m e n t a l  a n a l y s i s ,  s o f t e n i n g  p o i n t  and m o l e c u l a r  w e i g h t  
d e t e r m i n a t i o n .  R e s i d u e s  f rom t h e  e x t r a c t i o n s  w ere  s u b m i t t e d  
f o r  p r o x i m a t e  and  u l t i m a t e  a n a l y s i s .  The a n a l y s e s  a r e : shown 
i n  T a b l e  27•
S u b s e q u e n t l y  a  more d e t a i l e d  s t u d y  was made o f  t h e  
e x t r a c t i o n  o f  Markham C oa l  (C .R .C .  802)  w i t h  t o l u e n e  a t  t h r e e  
t e m p e r a t u r e s  330 ,  350 ,  and  380°C ( s e e  T a b l e  2 8 ) .  Each  c o a l  
. c h a r g e  was e x h a u s t i v e l y  e x t r a c t e d / f o u r  o r  f i v e  t i m e s ,  
and  s i m i l a r  a n a l y s e s  t o  t h o s e  d e s c r i b e d  above  w ere  c a r r i e d  o u t  
s e e  T a b l e  29 .  I n  a d d i t i o n  c o m p l e t e  mass  b a l a n c e s  w ere  d rawn
u p ,  T a b l e  30 ,  and g a s  a n a l y s e s  w ere  made f o r  ea c h  e x t r a c t i o n  
s e e  T a b l e  31•
8 . DISCUSSION OF RESULTS 
8 . 1 o U n i t  One
8 . 1 . 1 C The System N aph th a l e n e /E th y le n e
F ig u re  12 'shows t h a t  th e  r e s u l t s  o b t a in e d  a t  25°C and k ^ ° C  were i n ­
good ag reement w i th  t h e  p u b l i s h e d  r e s u l t s  o f  Diepen and SchefferC 1^ ) 
and Tsekenskaya  e t  a l ( 9 ^  ) j whose equipment was p r i n c i p a l l y  d e s ig n ed  f o r  
th e  a c c u r a t e  d e t e r m i n a t i o n  o f  gas  phase  e q u i l i b r i a .
D i r e c t  comparisons  were made by i n t e r p o l a t i n g  th e  d a t a  o f  t h e  above 
a u t h o r s  and th e  d e v i a t i o n s  a t  g iven  system p r e s s u r e s  a r e  quoted  i n  
Tab le The ave rage  d e v i a t i o n  was found to  be g r e a t e s t  a t  th e  h i g h e r  
t e m p e ra tu r e  and t h i s  co r re s p o n d s  to  a  s l i g h t  i n c r e a s e  i n  th e  v a r i a t i o n  
o f  c a b i n e t  t e m p e r a t u r e .  There a p p e a r s  t o  be a  c o n s i d e r a b l e  d i s c r e p a n c y
i n  the  d a t a  o f  t h e  o t h e r  a u t h o r s  a t  f^5°C. S ince  th e  d e v i a t i o n  i s
' . •' .... . V . • •
g r e a t e s t  a t  the  h ig h e r  t e m p e ra tu r e  and d e c r e a s e s  w i th  i n c r e a s e d  
p r e s s u r e  t h i s  e r r o r  i s  p o s s i b l y  caused  by a c o n s t a n t  e r r o r  i n  p r e s s u r e  
measurement.  I t  has  been s t a t e d  by Reamer- and Sage( 95 ) t h a t  i s  
d i f f i c u l t  t o  p l o t  an i s o th e rm  c l o s e  t o  th e  c r i t i c a l  p o i n t  s i n c e  s m a l l  
p e r t u r b a t i o n s  i n  p r e s s u r e  a s s o c i a t e d  w i th  w i thdraw ing  a sample can 
i n t r o d u c e  l a r g e  i n a c c u r a c i e s  i n  th e  com pos i t ion  o f  t h e  sample.
The obv ious  d i s a d v a n ta g e  o f  the  u n i t ,  w i th  r e s p e c t  t o  i t s  
o p e r a t i o n , was the  e x c e s s iv e  t ime r e q u i r e d  to  r e a c h  e q u i l i b r i u m ,  a s  shown
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by F ig u re  11. Before i n v e s t i g a t i o n s  were i n i t i a t e d  on o t h e r  sys tems 
minor a l t e r a t i o n s  were made. A gas  phase a g i t a t o r  was i n t r o d u c e d  on 
the  main s t i r r i n g  s h a f t  between th e  i n l e t  and o u t l e t  p a r t s  o f  t h e  
e q u i l i b r i u m  v e s s e l  and t h e  d e a d - l i n e  to  Vg was removed.  I t  was 
c o n s id e r e d  t h a t  t h e s e  changes i i n  a d d i t i o n  t o  a  more r i g o r o u s  u se  o f  
th e  sample u n i t  a s  an a g i t a t o r  would reduce  th e  t ime r e q u i r e d  to  
r e a c h  e q u i l i b r i u m .  On t h e  b a s i s  o f  th e  r e s u l t s .o b ta in e d  i t  was dec id ed  
t h a t  th e  u n i t  and o p e r a t i n g  te c h n iq u e  were adequa te  f o r  d e t e r m i n a t i o n s  
t o  be made on th e  system c o a l  t a r / e t h y l e n e .
8 . 1 . 2 .  The System Coal  T a r /E th y le n e
In  a d d i t i o n  to  th e  e q u i l i b r i u m  d a t a  o b t a in e d  the  main ach ievem ent
_ _ _ _ _ _ _ _ _ _ ; _ _ _ _ _ _ _ _ _  v  ■
o f  t h i s  s e r i e s  o f  exp e r im en t s 'w as  to  e f f e c t i v e l y  ’d i s t i l 1 5QP/> o f - a  
h igh  t e m p e ra tu re  coke oven t a r  a t  t e m p e r a t u r e s  between 25 and 100°C.
I n  a  c o n v e n t io n a l  d i s t i l l a t i o n  system t h i s  would r e q u i r e  a  p o t  
t e m p e ra tu r e  i n  th e  r e g io n  o f  A00°C.
A t y p i c a l  s e r i e s  o f  d e t e r m i n a t i o n s fa t  a  f i x e d  t e m p e ra tu re  and 
p re s su re^  i s  shown i n  Table 5 and each s i n g l e  d e t e r m i n a t i o n  quo ted  i n  
Table 6 i s  t a k e n  from such a  s e r i e s .  D e te rm in a t io n s  were u s u a l l y  made a t  
2 k  hour  i n t e r v a l s  b u t  extreme c a r e  had to  be t a k e n  to  ensu re  t h a t  any 
sample removed was i n  f a c t  a  t r u e  e q u i l i b r i u m  sample.  For  i n s t a n c e  
a f t e r  a  s a t i s f a c t o r y  d e t e r m i n a t i o n  had been made and o p e r a t i n g  
c o n d i t i o n s  were a d j u s t e d  i t  was p o s s i b l e  f o r  th e  more v o l a t i l e  t a r  
components a l r e a d y  e x t r a c t e d  i n t o  th e  gas  phase to  be p r e c i p i t a t e d  i n  
o r d e r  to  s a t i s f y  a  new e q u i l i b r i u m .  Th i s  m a t e r i a l  was n o t  n e c e s s a r i l y
p r e c i p i t a t e d  w i t h i n  the  e q u i l i b r i u m  v e s s e l  and t h e r e f o r e  t h e  l i q u i d  
phase cou ld  va ry  i n  com posi t ion  th ro u g h o u t  the  u n i t .  I f  a  l i q u i d  
p h a s e ; more v o l a t i l e  th a n  the  s u b s t r a t e  i n  the  e q u i l i b r i u m  v e s s e l / v;as 
p r e s e n t  i n  th e  v i c i n i t y  o f  the  sample v e s s e l  t h i s  cou ld  l e a d  to  a 
h ig h e r  l o c a l  e q u i l i b r i u m  gas  phase c o n c e n t r a t i o n  i n  t h i s  a r e a .  
C o n s e q u e n t ly ^ i t  was n e c e s s a r y  t o  f l u s h  gas  between the  two v e s s e l s  i n  
t h e  manner p r e v i o u s l y  d e s c r i b e d  and t o  t a k e  a  number o f  samples u n t i l  
a  c o n s t a n t  gas phase  c o n c e n t r a t i o n ^ a n d  n o t  n e c e s s a r i l y  a  maximum 
' c o n c e n t r a t i o n  was a c h i e v e d .  Th i s  p rocedu re  ensu red  t h a t  an even 
c o n c e n t r a t i o n  e x i s t e d  th ro u g h o u t  t h e  e x t r a c t i o n  u n i t .
The e f f e c t  o f  e t h y l e n e  p r e s s u r e  on th e  c o n c e n t r a t i o n  o f  t a r  
components i n  the  gas phase  a t  25°C  i s  shown i n  F ig u re  13 , At a l l  
l e v e l s  o f  s t r i p p i n g  o f  th e  t a r  t h i s  f i g u r e  i l l u s t r a t e s  t h e  ex p ec ted  
i n c r e a s e  i n  gas phase c o n c e n t r a t i o n  w i th  p r e s s u r e .  The d e c r e a s e  i n  
v o l a t i l i t y  o f  th e  s t r i p p e d  t a r  i s  shown by th e  g e n e r a l l y  low er  gas  
phase c o n c e n t r a t i o n s  and t h e r e  i s  every  i n d i c a t i o n  t h a t  h i g h e r  gas  
p r e s s u r e  would r e s u l t  i n  even h ig h e r  c o n c e n t r a t i o n s .  The maximum 
y i e l d  o f  t a r  components a t  1500 p s i g  i s  kC#> by weigh t  a l th o u g h  a t  
^500 p s i g  th e  y i e l d  would be i n  th e  r e g io n  o f  60$> by w e ig h t .
F ig u re  'Ik  shows th e  e f f e c t  o f  gas  t e m p e ra tu r e  a t  jKX30 p s i g .  The 
f a c t  t h a t  t h e  s e r i e s  o f  cu rves  converges  a t  h i g h e r  l e v e l s  o f  s t r i p p i n g  
u n l i k e  th e  s e r i e s  o f  c u rv es  a t  v a ry in g  p r e s s u r e s ^ i n d i c a t e s  t h a t  
t e m p e ra tu r e  has a  much s m a l l e r  e f f e c t  on the  ’v o l a t i l i t y '  o f  the  s u b s t r a t e  
th a n  th e  p r e s s u r e .  However^as p r e d i c t e d  by t h e o r y ,  h i g h e r  gas  phase
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c o n c e n t r a t i o n s  a r e  ac h i e v e d  a t  t e m p e ra tu r e s  app roach ing  t h e  c r i t i c a l  
t e m p e ra tu re  o f  the  g a s .  When t h i s  d a t a  i s  p l o t t e d  i n  F ig u r e  15, w h e r e  
gas phase  c o n c e n t r a t i o n  i s  ex p re s s e d  on a  p e r c e n ta g e  by w e ig h t  b a s i s ^  
i t  i s  d i f f i c u l t  t o  d i s t i n g u i s h  any e f f e c t  o f  t e m p e r a t u r e .  T h i s  can be 
e x p l a in e d  s in c e  lo w er in g  t h e  system te m p e ra tu re  a t  c o n s t a n t  p r e s s u r e  
i n c r e a s e s  the  gas d e n s i t y  a s  w e l l  i n c r e a s i n g  th e  gas  phase c o n c e n t r a t i o n  
o f  t a r  on a  volume b a s i s ;  s i n c e  the  r e s u l t a n t  e f f e c t  i s  t h a t  a  change 
i n  t e m p e ra tu re  has  no e f f e c t  on t h e  c o n c e n t r a t i o n  ( e x p re s s e d  as  
p e r c e n ta g e  by w eigh t )  t h i s  i n d i c a t e s  t h a t  t h e r e  may be a 
r e l a t i o n s h i p  between c o n c e n t r a t i o n  ( e x p r e s s e d  a s  grams p e r  l i t r e )  and 
gas d e n s i t y .  ■ - .
E q u a t io n  8 ,  p u t  forward by Rowlinson e t  a l . ^ w h i c h  was d i s c u s s e d  
i n  3»1» ,can  be used  to  p r e d i c t  t h e  m a g n i f i c a t i o n  o f  t h e . s a t u r a t e d  
vapour  p r e s s u r e  o f  a  s u b s t r a t e .  A t ' r e l a t i v e l y  low system p r e s s u r e s  
i n v o l v i n g  d i l u t e  gas  s o lu t i o n s ^  t h i s  e q u a t io n  can be reduced  t o  th e  
form:
l o g  C2 = A^+ B
where A & B a r e  c o n s t a n t s  in d e p en d an t  o f  ^
The v a l i d i t y  o f  t h i s  e x p r e s s io n  was t e s t e d  on th e  d a t a  o b t a i n e d  
on th e  system c o a l  t a r / e t h y l e n e ^ a s  w e l l  a s  d a t a  r e p o r t e d  i n  th e  
l i t e r a t u r e  f o r  the  sys tems  n a p h t h a l e n e / e t h y l e n e (  9^ - ) and p - i o d o c h l o r o -  
b e n z e n e / e t h y l e n e (  98 ) .  The r e s u l t s  a r e  shown i n  F ig u re  16 and a  
s t r a i g h t  l i n e  r e l a t i o n s h i p  a p p l i e s  f o r  a l l  systems above a  gas  d e n s i t y  
o f  0 . 2  g / c c .  C o n s e q u e n t ly ( t h i s  s imple c o r r e l a t i o n  cou ld  have a  l i m i t e d  
u se  i n  th e  p r e d i c t i o n  o f  gas  phase c o n c e n t r a t i o n s  even i n  mul t icomponent
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s y s t e m s • Robin( 97 ) u s i n g  th e  same e q u a t io n  has  p l o t t e d  d a t a  f o r  
sys tems i n c l u d i n g  methyl  a leoho3/methane  and b e n z e n e / n i t r o g e n  and 
th e  r e l a t i o n s h i p  h o l d s ' i n  a lm os t  a l l  c a s e s .
F ig u r e  17 i l l u s t r a t e s  the  com posi t ion  o f  i n d i v i d u a l  t a r  f r a c t i o n s  
a s  a, f u n c t i o n  o f  th e  degree  to  which th e  t a r  had been s t r i p p e d .  The 
major components of  t h e  e x t r a c t e d  f r a c t i o n s  were d e t e r m in e d  by gas 
l i q u i d  chromatography and th e  a n a l y s e s  showed t h a t  i n i t i a l l y  n a p h t h a l e n e
r e p r e s e n t e d  a l a r g e  p r o p o r t i o n  o f  th e  e x t r a c t e d  m a t e r i a l .  When *f0% o f
i
t h e  t a r  had’ been e x t r a c t e d  v i r t u a l l y  a l l  t h e  na p h th a le n e  had been removed.
/ • ■ "
I  '  '
H eav ie r  tat*. components, a n th ra c e n e  and f l u o r a n t h r e n e ,  g r a d u a l l y  . 
r e p r e s e n t e d  l a r g e r  p r o p o r t i o n s  o f  t h e  e x t r a c t e d  m a t e r i a l  u n t i l  
e v e n t u a l l y  ch rysene  r e p r e s e n t e d  up to  '\G°/o o f  th e  e x t r a c t .  -"'This g e n e r a l
i •
p a t t e r n  would be expec ted  from th e  n a t u r a l  vapour  p r e s s u r e s  o f  t h e  pu re  
components such  t h a t  gas  e x t r a c t i o n  i n  t h i s  equipment i s  r o u g h ly  
e q u i v a l e n t  to  a  s i n g l e  p l a t e  d i s t i l l a t i o n .  V a l t e r i s (  1 2 ) ,  who worked on 
a  system in v o l v i n g  model compounds o f  c o a l  t a r  and e t h y l e n e  a s  gas  
s o l v e n t ^ p r e d i c t e d  t h a t  th e  s e p a r a t i o n  o f  n e u t r a l ,  a c i d  and b a s i c  
. f r a c t i o n s  from c o a l  t a r  was p o s s i b l e .  No s p e c i f i c  a t t e m p t  was made i n  
t h i s  p r e s e n t  i n v e s t i g a t i o n  t o  i d e n t i f y  a c i d  o r  b a s i c  f r a c t i o n s  s i n c e  
even i f  a  c e r t a i n  . f r a c t i o n  was p r e f e r e n t i a l l y  e x t r a c t e d  i t  would 
o b v io u s ly  c o n t a i n  l a r g e  c o n c e n t r a t i o n s  o f  n e u t r a l  m a t e r i a l  a s  shown 
by th e  a n a l y s e s .
S ince  the  s o l v e n t  power o f  a  gas  f o r  a  c e r t a i n  s u b s t r a t e  i s  o f t e n
measured by i t s  a b i l i t y  to  magnify th e  s a t u r a t e d  vapour p r e s s u r e  o f  t h e
Cs u b s t r a t e ,  ex p re s s e d  i n  te rms  o f  vapour  c o n c e n t r a t i o n ,  i . e .  2 / r o , t h e
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m a g n i f i c a t i o n  o f  t h e  s a t u r a t e d  v a p o u r  p r e s s u r e  o f  c o a l  t a r  was 
c a l c u l a t e d .  The v a p o u r  p r e s s u r e  o f  Avenue c o a l  t a r  i s  n o t  
a v a i l a b l e  b u t  a  s i m i l a r  t a r ,  Daw M i l l ,  h a s  a  v a p o u r  c o n c e n t r a t i o n  
o f  0 . 1 5  g / l i t r e  a t  100°C( 98 ) ;  e t h y l e n e  a t  3000 p s i g  m a g n i f i e s  
t h i s  by a f a c t o r  o f  a p p r o x i m a t e l y  3 5 0 .  F o r  c o m p a r i s o n  u n d e r  a  
s i m i l a r  p r e s s u r e  a t  ^ 5°C e t h y l e n e  m a g n i f i e s  t h e  s a t u r a t e d  v a p o u r  
p r e s s u r e  o f  n a p h t h a l e n e  by  a f a c t o r  o f  a p p r o x i m a t e l y  3 0 , 0 0 0 .
The g a s  p h a s e  c o n c e n t r a t i o n s  o f  c o a l  t a r  c o m p o n e n ts  m e a s u r e d  
can  be com pared  w i t h  d a t a  . p r e s e n t e d  by  Y u s h k e v ic h (  20 ) who h a s  
r e p o r t e d  how a p e t r o l e u m  r e s i d u e ,  w i t h  a b o i l i n g  r a n g e  a p p ro x im a te ly  
s i m i l a r  t o  Avenue c o a l  t a r  a s  shown i n  T a b le  10, was c o n t a c t e d  
w i t h  c a r b o n  d i o x i d e  a t  4-0°C (T^ = 1 . 0 3 0 .  Carbon d i o x i d e - :  -' 
and  e t h y l e n e  have  s i m i l a r  s o l v e n t  p o w e r s  t o w a r d s  n a p h t h a l e n e  a t  
a p p r o x i m a t e l y  100 a t m o s p h e r e s  and  . s i m i l a r  r e d u c e d  t e m p e r a t u r e s  
a s  shown by  F i g u r e  18 w h ich  was c o n s t r u c t e d  from d a t a  i n  
l i t e r a t u r e  ( 9A ) . t
The m a j o r  d i f f e r e n c e  b e tw e e n  t h e  d a t a  o f  Y u s h k e v ic h  an d  t h e
/
r e s u l t s  f o r  t h e  c o a l  t a r /  e t h y l e n e  s y s t e m  i s  t h a t  t h e  above  a u t h o r  
c o n s t r u c t e d  i n t e g r a l  e q u i l i b r i u m  c u r v e s  w h e r e a s  d i f f e r e n t i a l  
e q u i l i b r i u m  d a t a  i s  p r e s e n t e d  i n  t h i s  t h e s i s .  T h e r e f o r e  f o r  
d i r e c t  c o m p a r i s o n  t h e  e q u i l i b r i u m  c u r v e s  f o r  t h e  c o a l  t a r / e t h y l e n e  
s y s t e m  a t  1500 p s i g  and  3000  p s i g  a t  25°C have  b e e n  i n t e g r a t e d .  
C om par ison  o f  s p e c i f i c  v a l u e s  i s  made i n  T a b l e  11.  At low l e v e l s  
o f  s t r i p p i n g  o f  t h e  s u b s t r a t e s  ( 12%  W/w )  a l m o s t  i d e n t i c a l  g a s  
p h a s e  c o n c e n t r a t i o n s  w ere  r e c o r d e d .  At h i g h e r  d e g r e s s  o f  s t r i p p i n g  
( 30% V/w )  t h e  pe t r o l e u m  r e s i d u e  s y s t e m  y i e l d e d  a  more c o n c e n t r a t e d
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g a s  s o l u t i o n .  T h i s  may h a v e  b e e n  a s  a  r e s u l t  o f  t h e  p r e s e n c e  
o f  l o w e r  m o l e c u l a r  w e i g h t  e x t r a c t  m a t e r i a l  a c t u a l l y  b e i n g  
p r e s e n t  i n  t h e  g a s  p h a s e  when t h e  i n t e g r a t e d  e q u i l i b r i u m  d a t a  
was d e t e r m i n e d .  I t .  h a s  p r e v i o u s l y  b e e n  n o t e d  t h a t  t h e  p r e s e n c e  
o f  a  component  o f  i n t e r m e d i a t e  m o l e c u l a r  w e ig h t  i n  t h e  g a s  
p h a s e  c a n  e nhanc e  t h e  v a p o u r  c o n c e n t r a t i o n  o f  t h e  h i g h e r  
m o l e c u l a r  w e i g h t  components o f  th e  s u b s t r a t e .  G ra p h ic a l  
i n t e g r a t i o n  o f  d i f f e r e n t i a l  e q u i l i b r i u m  d a t a ,  a s  c a r r i e d  o u t  f o r
t h i s  c o m p a r i s o n ,  w i l l  p r e d i c t  low v a l u e s  where s u c h  a  phenomenon
;
o c c u r s ,  I
I t  W a s  a p p a r e n t l y  p o s s i b l e  t o  d i s s o l v e  a l l  t h e  p e t r o l e u m  .
■
r e s i d u e  i n  c a r b o n  d i o x i d e  a t  800  a t m o s p h e r e s  whereas^  by 
e x t r a p o l a t i o n  o f  F i g u r e  13, i t  a p p e a r s  t h a t  t h e  maximum y i e l d  o f  
t a r -  would  be a p p r o x i m a t e l y  65% W/w  a t  300  a t m o s p h e r e s .
The r e s i d u e  f rom t h e  e x t r a c t i o n  of. c o a l  t a r  was a 3 p i t c h  
w i t h  a s o f t e n i n g  p o i n t  o f  109°C R&B. At l e a s t  p a r t  o f  t h e  p i t c h  
r e s i d u e  from a  t h e r m a l l y  d i s t i l l e d  c o a l  t a r  r e s u l t s  from 
t h e r m a l  p o l y m e r i s a t i o n  o c c u r r i n g  d u r i n g  d i s t i l l a t i o n .  S i n c e  t h e  
maximum t e m p e r a t u r e  r e a c h e d  d u r i n g  t h i s  e x t r a c t i o n  was  100°C i t  
was e x p e c t e d  t h a t  t h e  r e s i d u e  would  h a v e  a  l o w e r  s o f t e n i n g  p o i n t  
t h a n '  a  p i t c h  o b t a i n e d  i n  s i m i l a r  y i e l d  by d i s t i l l a t i o n ,  
s i n c e  p o l y m e r i s a t i o n  s h o u l d  n o t  o c c u r .
Y o s h i d a  e t  a l (8 8  ) c a r r i e d  o u t  t h e  s e p a r a t i o n  o f  p i t c h
from a  h i g h  t e m p e r a t u r e  coke  oven tar-  u s i n g  l i q u e f i e d  p e t r o l e u m
g a s  a s  s o l v e n t  a t  t e m p e r a t u r e s  up t o  20°C. A n t h r a c e n e  o i l  and
h e a v y  o i l  w e re  l e f t  u n e x t r a c t e d  i n  t h e  r e s i d u e  w h ich  d i d  h a v e  
a  l o w e r  s o f t e n i n g  p o i n t  t h a n  a p i t c h  p r o d u c e d  by d i s t i l l a t i o n .
8 . 2 .  U n i t  Two
The r e s u l t s  o b t a i n e d  i l l u s t r a t e t h e  a b i l i t y  o f  g a s e s  w i t h  
r e l a t i v e l y  h i g h  c r i t i c a l  t e m p e r a t u r e s  t o  v o l a t i l i s e  c o n s i d e r a b l e  
p r o p o r t i o n s  o f  h i g h  m o l e c u l a r  w e i g h t  c o a l  b a s e d  m a t e r i a l  w h ich  
would  n o t  n o r m a l l y  d i s t i l .
The e q u ip m e n t  was shown t o  h a v e  b o t h  a d v a n t a g e s  and  
d i s a d v a n t a g e s  com pared  w i t h  t h e  low t e m p e r a t u r e  a p p a r a t u s  -  
u n i t  o n e .  The g e o m e t r y  o f  t h e  e q u i l i b r i u m  s y s t e m  e n s u r e d  t h a t  
an  e q u i l i b r i u m  g a s  p h a s e  c o n c e n t r a t i o n  was r e a c h e d  much more 
q u i c k l y .  I n  t h r e e  o f  t h e  s y s t e m s  i n v e s t i g a t e d  i t  was  found  t h a t  
e q u i l i b r i u m  was a t t a i n e d  w i t h i n  30  m i n u t e s  o f  t h e  h i g h  p r e s s u r e  
g a s  b e i n g  i n t r o d u c e d  i n t o  t h e  e q u i l i b r i u m  v e s s e l ^ a s  shown i n  
F i g u r e  19* D u r in g  t h e  e x t r a c t i o n  o f  u n t r e a t e d  c o a l  ' ( 8 . 2 . * f . )  
w here  t h e  c o a l  had  t o  be t h e r m a l l y  d e p o l y m e r i s e d  p r i o r  t o  
e x t r a c t i o n ,  t h e  r e s i d e n c e  t i m e  r e q u i r e d  a t  300°C was .60 m i n u t e s .
The m a j o r  d e f i c i e n c y  o f  t h e  u n i t  c a n  be su m m a r is e d  a s  f o l l o w s  
s i n c e  t h e r e  was no s t i r r i n g  mechan ism f o r  t h e  l i q u i d  p h a s e  o n l y  
s m a l l  am oun ts  o f  s u b s t r a t e  (20  -  3 0 g ) ‘ c o u l d  be u s e d  i n  o r d e r  t o  
e n s u r e  an  even  c o n c e n t r a t i o n  t h r o u g h o u t  t h e  l i q u i d  p h a s e .  At (  
t h e  same t i m e  i n  o r d e r  t o  o b t a i n  a  s u f f i c i e n t l y  l a r g e  sam ple  o f  
t h e  g a s  p h a s e  w i t h i n  a few s a m p l i n g  c y c l e s ,  u s i n g  o n l y  a s m a l l  
p r e s s u r e  d r o p ,  t h e  vo lum e  o f  g a s  had  t o  be  l a r g e .  C o n s e q u e n t l y  
i f  h i g h  g a s  p h a s e  c o n c e n t r a t i o n s  w ere  e n c o u n t e r e d  a s  i n  t h e  
C oa l  E x t r a c t / T o l u e n e  and  C o a l  E x t r a c t / T H F  s y s t e m s ^ i t  was o n l y  
p o s s i b l e  t o  o b t a i n  d a t a  c o r r e s p o n d i n g  t o  h i g h  l e v e l s  o f  s t r i p p i n g  
o f  t h e  s u b s t r a t e .
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8 . 2 . 1 .  Gas P h as e  D e n s i t i e s
A c o m p a r i s o n  o f  t h e  c a l c u l a t e d  d e n s i t y  o f  a  p u r e  g a s  and
t h e  m e a s u r e d  d e n s i t y  o f  a  r e a l  g a s  s o l u t i o n  a t  c o n s t a n t
t e m p e r a t u r e  and p r e s s u r e s  up t o  1500  p s i g  h a s  b e e n  made i n
F i g u r e s  20 and  21 f rom v a l u e s  shown i n  T a b l e s  18.  I t  can
be s e e n  t h a t  w i t h  THF (T = 1 . 1 7 )  t h e  c o m p a r i s o n  i s  v e r y  good
Rand w i t h  A c e to n e  (T = 1 . 0 5 )  where t h e  g a s  e x h i b i t s  a  h i g h  
d e g r e e  o f  n o n - i d e a l i t y ^ t h e  a g r e e m e n t  i s  q u i t e  a c c e p t a b l e .  I n  
f a c t  i n  t h e s e  s y s t e m s  t h e  m o l a r  c o n c e n t r a t i o n s  o f  v o l a t i l i s e d  
m a t e r i a l  a r e  v e r y  low ;  i n  t h e  P i t c h / A c e t o n e  s y s t e m  i f  t h e  
m o l e c u l a r  w e i g h t  o f  t h e  p i t c h  m a t e r i a l  i n  t h e  g a s  p h a s e  i s  
assumed t o  be 400 ,  a  g a s  p h a s e  c o n c e n t r a t i o n  o f  b%  W/w  r e p r e s e n t s  
a  mole f r a c t i o n  e q u a l  t o  0 . 0 0 2 .  I n  s y s t e m s  i n v o l v i n g  s u c h  low  
g a s  p h a s e  c o n c e n t r a t i o n s  i t  i s  n o r m a l  p r a c t i c e  t o  i g n o r e  t h e  
p r e s e n c e  o f  t h e  d i s s o l v e d  c o m p o n e n t ( 9 8  ) and  t o  e s t i m a t e  g a s  
d e n s i t i e s  f rom p u r e  g a s  d a t a . '  C o n s e q u e n t ly ^  t h e  u s e  o f  t h e  p u r e  
g a s  r e l a t i o n s h i p  f o r  t h e  c a l c u l a t i o n  o f  s t r i p p i n g  v a l u e s  o f  t h e  
s u b s t r a t e  i s  j u s t i f i e d .
8 . 2 . 2 .  The s y s t e m s  C oa l  E x t r a c t / T o l u e n e  and  C o a l  E x t r a c t / T H F  
.The e q u i l i b r i u m  c o n c e n t r a t i o n s  m e a s u r e d ,  w h ich  a r e  p l o t t e d
i n  F i g u r e s  25 and 2 .k  c o r r e s p o n d  t o  r e l a t i v e l y  h i g h  l e v e l s  o f  
s t r i p p i n g  o f  t h e  c o a l  e x t r a c t  m a t e r i a l  and  i t  i s  o n l y  p o s s i b l e  
t o  g i v e  a n  e s t i m a t e  o f  t h e  g a s  p h a s e  c o n c e n t r a t i o n  a t  low 
l e v e l s  o f  s t r i p p i n g .  The g e n e r a l  m a g n i t u d e  o f  t h e  c o n c e n t r a t i o n  
(up t o  10% W/w )  i s  c o m p a r a b l e  w i t h  t h a t  o b t a i n e d  on t h e  C o a l  T a r /
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E t h y l e n e  s y s t e m  where t h e  g a s  p h a s e  d e n s i t y  w a s . s i m i l a r  
( a p p r o x i m a t e l y  0 . ^ 5  g / c c ) .
F i g u r e s  23 and 2 k  show t h a t  a  maximum o f  a p p r o x i m a t e l y  
63% W/w  o f  t h e  c o a l  e x t r a c t  m a t e r i a l  c o u l d  be  d i s s o l v e d  i n  
s u p e r c r i t i c a l  t o l u e n e  w h e r e a s  a p p a r e n t l y  a l l  t h e  m a t e r i a l  was 
s o l u b l e  i n  s u p e r c r i t i c a l  THF. T h i s  c o r r e s p o n d s ^ a l m o s t  e x a c t l y ^  
w i t h  t h e  s o l u b i l i t y  o f  t h e  c o a l  e x t r a c t  i n  t h e s e  s o l v e n t s  a t  
t h e i r  b o i l i n g  p o i n t s  a s  shown i n  T a b l e  20. ,  A n a l y s e s  i n  t h i s  
t a b l e  a l s o  show t h a t  m a t e r i a l  i n s o l u b l e  i n  t h e  l i q u i d  s o l v e n t  
and  q u i n o l i n e  i s  c o n c e n t r a t e d  w i t h i n  t h e  e x t r a c t i o n  r e s i d u e ,  
c a u s i n g  t h e  s o f t e n i n g  p o i n t  o f  t h e  m a t e r i a l  t o  r i s e  i n  b o t h  
c a s e s  from 225°C t o  a v a l u e  i n  e x c e s s  o f  300°C.
T h e r e  i s  n o t  s u f f i c i e n t  d a t a  a v a i l a b l e  t o  draw a s e r i e s  o f  
c u r v e s  a t  d i f f e r e n t  p r e s s u r e s ^ a l t h o u g h  some i n d i c a t i o n  o f  t h e  
e f f e c t  o f  p r e s s u r e  can  be o b t a i n e d  f rom F i g u r e s  23 and 2 k ,
When u s i n g  t o l u e n e  a s  s o l v e n t ^  p r e s s u r e  h a s  l i t t l e  e f f e c t  a b o v e  
900  p s i g  a l t h o u g h  t h e  c o n c e n t r a t i o n  a t  700  p s i g  i s  c o n s i d e r a b l y  
l o w e r  an d  when u s i n g  THF a p r e s s u r e  o f  900 p s i g  g i v e s  a 
s i g n i f i c a n t l y  l o w e r  v a l u e  t h a n  p r e s s u r e s  o f  1100 p s i g  and  a b o v e .  
R e f e r e n c e  t o  F i g u r e  22 shows t h a t  t h e  l e s s e n i n g  e f f e c t  o f  
p r e s s u r e  on- g a s  p h a s e  c o n c e n t r a t i o n  f o r  t h e s e  two g a s e s  c o r r e s p o n d s  
t o  a  d e c r e a s e  i n  t h e  s l o p e  o f  t h e  d e n s i t y / p r e s s u r e  c u r v e s  f o r  
t h e  two s o l v e n t s .  T h i s  a g a i n  s u g g e s t s  a  r e l a t i o n s h i p  b e t w e e n  
t h e  g a s  p h a s e  c o n c e n t r a t i o n  o f  d i s s o l v e d  m a t e r i a l  and  g a s  d e n s i t y  
d i s c u s s e d  i n  8 . 1 . 2 .
The mass  b a l a n c e  on c o a l  e x t r a c t  m a t e r i a l ,  T a b l e  19,  f o r  
t h e  e x t r a c t i o n s  u s i n g  t o l u e n e  a s  s o l v e n t ^ s h o w s  a  good  r e c o v e r y  
o f  f e e d  m a t e r i a l  a s  e x t r a c t  and r e s i d u e .  H o w e v e r ^ t h e r e  i s  a 
n e t  g a i n  o f  m a t e r i a l  d u r i n g  t h e  THF e x t r a c t i o n s  w h ich  mus t  be 
a s  a  r e s u l t  o f  h o l d - u p  o f  s o l v e n t  e i t h e r  i n  t h e  e x t r a c t  o r  
t h e  r e s i d u e .  The m e thod  o f  r e c o v e r y  o f  t h e  two s o l v e n t s  was 
i d e n t i c a l ,  vacuum d i s t i l l a t i o n  a t  1 50°  C and 90 mm Hg p r e s s u r e ,  
and  t h i s  s u g g e s t s  some c h e m i c a l  i n t e r a c t i o n  b e t w e e n  t h e  s o l v e n t  
and t h e  c p a l  e x t r a c t .
8 . 2 . 3 .
A d r i e d  sample  o f  Markham c o a l ,  CRC 8 0 2 ^ c r u s h e d  t o  -72  
BSS mesh was u s e d  f o r  t h e s e  e x t r a c t i o n s .  The i n i t i a l  e x t r a c t i o ni
on t h i s  s y s t e m  was c a r r i e d  o u t  a t  300°C b u t  t h e  g a s - p h a s e  
c o n c e n t r a t i o n  was so low  t h a t  s u b s e q u e n t  e x t r a c t i o n s  were 
c a r r i e d  o u t  a t  360 °C i n  o r d e r  to  i n c r e a s e  t h e  amount o f  
m a t e r i a l  a v a i l a b l e  f o r  e x t r a c t i o n  by  i n c r e a s i n g  t h e  d e g r e e  o f  
b reakdow n o f  t h e  c o a l  s t r u c t u r e .  When t h e  d e t e r m i n a t i o n s  w ere  
made a t  360°C e q u i l i b r i u m  was a c h i e v e d  a p p r o x i m a t e l y  60 m i n u t e s  
a f t e r  a p p l y i n g  t h e  p r e s s u r i s e d  g a s .  H ow ever^ the  c o a l  had  b e e n  
e x p o s e d  t o  a  t e m p e r a t u r e  o f  300°C f o r  90 m i n u t e s  b e f o r e  b e i n g  
s l o w l y  h e a t e d  t o  360°C and  c o n s e q u e n t l y  i t  i s  p o s s i b l e  t h a t  a  • 
r e s i d e n c e  t i m e  i n  e x c e s s  o f  60 m i n u t e s  would  be r e q u i r e d  f o r  
t h e  c o a l  m a t e r i a l  t o  d e p o l y m e r i s e  and  r e a c h  e q u i l i b r i u m  w i t h  the^* 
g a s  p h a s e  i f  i t  w ere  r a p i d l y  h e a t e d  t o  360 °C.
The g a s  p h a s e  c o n c e n t r a t i o n s  m e a s u r e d ,  w h ich  a r e  p l o t t e d  i n  
F i g u r e  25 , were  an o r d e r  o f  m a g n i t u d e  l o w e r  t h a n  t h o s e  a c h i e v e d
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when e x t r a c t i n g  c o a l  e x t r a c t  w i t h  THF. D i r e c t  c o m p a r i s o n s  a t  
t h e  same e x t r a c t i o n  p r e s s u r e  a r e  m i s l e a d i n g  s i n c e  e x t r a c t i o n s  
i n v o l v i n g  Markham c o a l  w e re  c a r r i e d  o u t  a t  a  h i g h e r  t e m p e r a t u r e  
where  t h e  g a s  d e n s i t y  was l o w e r  a s  s e e n  i n  F i g u r e s  20 and  22 .
I t  i s  u n l i k e l y  t h a t  t h i s  c h a n g e  . i n ■d e n s i t y  from 0 . ^ 8  g / c c  •
(1500  p s i g ,  295 °C) t o  0 .3 1  g / c c  (1300  p s i g ,  ^ > 6 o ° C )^w ou ld  r e s u l t  
i n  s u c h  a d r a s t i c  r e d u c t i o n  i n  g a s  p h a s e  c o n c e n t r a t i o n .  S i n c e  
t h e  m a t e r i a l  e x t r a c t e d  d i r e c t l y  f rom c o a l  had  a l o w e r  s o f t e n i n g  
p o i n t  (30°C)  compared  w i t h  t h a t  o b t a i n e d  from c o a l  e x t r a c t  (2 0 0 °C )
 ^ to  give, a  h i g h e r  g a s  p h a s e  c o n c e n t r a t i o n .  T h e r e f o r e -  
t h e  mos t  l i k e l y  e x p l a n a t i o n  . i s  «that t h e  s o l u b l e  p o r t i o n  o f  
t h e  coal;' was p a r t i t i o n e d  b e t w e e n  t h e  i n s o l u b l e  c o a l  r e s i d u e  a.nd 
t h e  g a s  p h a s e  c a u s i n g  a r e d u c t i o n  i n  t h e  g a s  p h a s e  c o n c e n t r a t i o n  
o f  t h e  e x t r a c t a b l e  m a t e r i a l , ,
F i g u r e  23 s u g g e s t s  t h a t  t h e  maximum y i e l d  w h ich  c o u l d  be  
o b t a i n e d  from t h e  c o a l  a t  t h i s  t e m p e r a t u r e  i s  b e t w e e n  23 and  
30% W/w  a l t h o u g h  t h e  a c t u a l  f i g u r e  i s  n o t  c e r t a i n  s i n c e  t h e r e  
was a g a i n  a  p o s i t i v e  e r r o r , o f  18% i n  t h e  mass  b a l a n c e ,  s e e  
T a b l e  19 .  B a k e s (  36 ) n o t e d  t h a t  when a  P i t t s b u r g h  c o a l  was 
e x t r a c t e d  w i t h  f u r f u r a l  t h e  r e c o v e r e d  p r o d u c t s  showed a n e t  
g a i n  o f  28% W/w  on t h e  f e e d  m a t e r i a l s .  T e t r a h y d r o f u r a n  and  
f u r f u r a l  have  s i m i l a r  m o l e c u l a r  s t r u c t u r e s  and  i t  a p p e a r s  t h a t  
h e t e r o c y c l i c  m o l e c u l e s  c o n t a i n i n g  oxygen  a r e  l i a b l e  t o  r e a c t  w i t h  
c o a l  d e r i v e d  m a t e r i a l s .
The e x t r a c t  removed  f rom t h e  c o a l  was a  p i t c h - l i k e  m a t e r i a l  
w i t h  a s o f t e n i n g  p o i n t  o f  30°C. The r e s i d u e  had  an  a p p e a r a n c e
i t  was p r o b a b l y  l o w e r  m o l e c u l a r  w e i g h t  m a t e r i a l  and  m i g h t  be
s i m i l a r  t o  t h e  o r i g i n a l  c o a l ,  s t i l l  p a r t i c u l a t e ,  and  i t  a p p e a r e d  
t h a t  i t  h a d  u n d e r g o n e  m i l d  c a r b o n i s a t i o n  a l t h o u g h  t h e  y i e l d  o f  
e x t r a c t  was  f a r  i n  e x c e s s  o f  t h e  t a r  y i e l d  w hich  c o u l d  be o b t a i n e d  
by any  c o n v e n t i o n a l  c a r b o n i s a t i o n  p r o c e s s .
8 . 2 A .  The s y s t e m  Coal  T a r  P i t c h / A c e t o n e
The g a s  p h a s e  c o n c e n t r a t i o n s  o b t a i n e d ,  w h ich  a r e  shown i n  
F i g u r e  26 ,  a r e  l o w e r  t h a n  t h o s e  a c h i e v e d  d u r i n g  t h e  e x t r a c t i o n
o f  c o a l  e x t r a c t  w i t h  T o l u e n e  o r  THF. T h es e  l o w e r  v a l u e s  c o u l d
1
be a  r e s u l t  o f  an  e f f e c t  o f  s o l v e n t  t y p e ^ o r  more l i k e l y  a s  a
r e s u l t  o f I  t h e  u s e  o f  a  l o w e r  e x t r a c t i o n  t e m p e r a t u r e ,  230°C
compared  ;w i t h  293°C o r  330°C ,  a t  w h ich  t e m p e r a t u r e  t h e  p i t c h  
would  n a t u r a l l y  be  l e s s  v o l a t i l e , .
The t o t a l  y i e l d  o f  e x t r a c t a b l e  m a t e r i a l  w h ich  c o u l d  be  
o b t a i n e d  was a p p r o x i m a t e l y  60% W/w  w h ich  com pares  w i t h  68% W/w  
s o l u b i l i t y  i n  a c e t o n e  a t  i t s  b o i l i n g  p o i n t .  The r e c o v e r e d  ,
p r o d u c t s  f rom t h e  e x t r a c t i o n  t o t a l l e d  93% W/w  o f  t h e  f e e d
■m ate r ia l  g i v i n g  a s i m i l a r  r e c o v e r y  t o  t h a t  a c h i e v e d  d u r i n g  t h e  
e x t r a c t i o n  o f  c o a l  e x t r a c t  w i t h  t o l u e n e , ,
A c o m p a r i s o n  o f  t h e  a n a l y s e s  o f  t h e  f e e d  p i t c h  and  r e s i d u e ,  
shown i n  T a b l e  20 ,  shows t h a t  t h e y  a r e  s i m i l a r  w i t h  r e s p e c t  t o  
e l e m e n t a l  a n a l y s i s ^ a l t h o u g h  t h e  s o f t e n i n g  p o i n t  o f  t h e  p i t c h  
i n c r e a s e d  f rom 82°C t o  more t h a n  200°C a s  t h e  q u i n o l i n e  i n s o l u b l e  
and  a c e t o n e  i n s o l u b l e  m a t e r i a l  was c o n c e n t r a t e d  i n  t h e  r e s i d u e .  
U s ing  t h e  a s h  a n a l y s e s ,  a  b a l a n c e  on a s h  m a t e r i a l  showed t h a t  
t h e  w hole  o f  t h e  a s h  c o n t e n t  o f  t h e  o r i g i n a l  p i t c h  r e m a i n e d  i n
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FIG. 2 6  P I T C H / A C E T O N E
t h e  r e s i d u e  i l l u s t r a t i n g  t h e  a b i l i t y  o f  g a s  e x t r a c t i o n  to  
p r o d u c e  low a s h  c o n t e n t  m a t e r i a l s .
C e r t a i n  e x t r a c t s  o b t a i n e d  from t h e  p i t c h  w ere  b l e n d e d  
t o g e t h e r  and  s u b m i t t e d  f o r  c o k i n g  v a l u e  d e t e r m i n a t i o n .  The 
r e s u l t s  shown i n  T a b l e  21 a r e  p l o t t e d  a g a i n s t  t h e  d e g r e e  o f  
s t r i p p i n g  o f  t h e  p i t c h  i n  F i g u r e  27, w h ich  shows how t h e  low 
c o k i n g  v a l u e  f r a c t i o n s  o f  t h e  p i t c h  h a v e  b e e n  rem ove d / a l t h o u g h  
i t  was s u r p r i s i n g  t h a t  t h e  i n i t i a l  f r a c t i o n s  p o s s e s s e d  
c o n s i d e r a b l e  c o k i n g  v a l u e s .
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8 . 3 .  U n i t  T h re e
8 . 3 . 1 .  E x t r a c t i o n  o f  H y d ro g en -D o n o r  C o a l  D i g e s t s
The d i g e s t i o n  c o n d i t i o n s  u s e d  s h o u l d  have  r e s u l t e d  i n  an  
a p p r o x i m a t e  y i e l d  o f  63%, b a s e d  on d r y  c o a l ,  o f  c o a l  e x t r a c t  
m a t e r i a l  s i m i l a r  t o  t h a t  w h ich  was e x t r a c t e d  w i t h  t o l u . e n e  and  
t e t r a h y d r o f u r a n  i n  u n i t  tw o .  The c u m u l a t i v e  y i e l d s  o f  e x t r a c t  
o b t a i n e d  i n  a s e r i e s  o f  e x t r a c t i o n s  w i t h  eac h  s o l v e n t  hav e  been  
p l o t t e d  i n  F i g u r e  28 i n  o r d e r  t o  p r e d i c t  t h e  maximum y i e l d s  
a v a i l a b l e .
The y i e l d  w i t h  t o l u e n e  c o r r e s p o n d e d  c l o s e l y  t o  t h e  
e s t i m a t e d  s o l u b i l i t y  o f  t h e  d i g e s t  i n  t h e  l i q u i d  s o l v e n t ,  
i . e .  63% o f  t h e  c o a l  e x t r a c t  s o l u b i l i t y .  However ,  t h e  : 
s o l u b i l i t y  o f  t h e  d i g e s t  i n  a c e t o n e  and T .H .F .  was c o n s i d e r a b l y  
l e s s  tha,n t h e  v a l u e  p r e d i c t e d  by a  s i m i l a r  c o n s i d e r a t i o n .  One 
e x p l a n a t i o n  o f  t h i s  r e d u c e d  s o l u b i l i t y  i s  t h a t  t h e  d i g e s t i o n - • 
p r o c e s s  d i d  n o t  p r o c e e d  t o  t h e  same d e g r e e  a s  i n  t h e  o t h e r  
d i g e s t i o n  w hich  would  h a v e  r e s u l t e d  i n  a l o w e r  y i e l d  o f  
s o l u b l e  m a t e r i a l .
A l th o u g h  g a s  p h a s e  c o n c e n t r a t i o n s  were n o t  d e t e r m i n e d  a t  
c o n s t a n t  p r e s s u r e #an  e s t i m a t e  o f  t h e  v a l u e  can  be  o b t a i n e d  f rom  
t h e  e x t r a c t  c o n c e n t r a t i o n  i n  t h e  r e c o v e r e d  s o l u t i o n ,  s e e  
T a b l e  2 2 .  The v a l u e s  m e a s u r e d  a r e  much l o w e r  t h a n  t h o s e  o b t a i n e d  
u s i n g  u n i t  two; l o w e r  c o n c e n t r a t i o n s  would  be  e x p e c t e d  s i n c e  
t h e  g a s  p h a s e  i s  e x p e l l e d  from t h e  a u t o c l a v e  by r e d u c i n g  t h e  
p r e s s u r e  t o  a t m o s p h e r i c  p r e s s u r e  and  t h i s  i n e v i t a b l y  r e s u l t e d  
i n  p r e c i p i t a t i o n ,  f rom t h e  g a s  p h a s e  w i t h  t h e  a u t o c l a v e ,  o f  
some s o l u b l e  m a t e r i a l .  However i t  i s  u n l i k e l y  t h a t  t h i s  f a c t o r
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a l o n e  would  r e s u l t  i n  a  d r a s t i c  r e d u c t i o n  o f  t h e  o v e r a l l  g a s  
p h a s e  c o n c e n t r a t i o n  and  t h e r e  r e m a i n s  t h e  p o s s i b i l i t y  t h a t  t h e  
i n s o l u b l e  c o a l  r e s i d u e  h a s  an  e f f e c t  on t h e  c o n c e n t r a t i o n  o f  
e x t r a c t  i n  t h e  g a s  p h a s e  a s  s u g g e s t e d  i n  8 . 2 . 3 *  T h i s  p o s s i b i l i t y  
was i n v e s t i g a t e d  by c a l c u l a t i n g  a p a r t i t i o n  c o e f f i c i e n t  
o f  s o l u b l e  m a t e r i a l  b e t w e e n  t h e  g a s  p h a s e  and s o l i d  p h a s e  f o r  
ea c h  e x t r a c t i o n  and  t h e  r e s u l t s  a r e  shown i n  T a b l e  23 . The 
b a s i s  o f  t h e  c a l c u l a t i o n s  i s  g i v e n  i n  A ppendix  3 .  A p a r t i t i o n  
e f f e c t  wou ld  e x p l a i n  ^ t o  some e x t e n t ^ t h e  f a c t  t h a t  s i g n i f i c a n t l y  
l o w e r  y i e l d s  o f  e x t r a c t  a r e  o b t a i n e d  i n  each  s u c c e s s i v e  e x t r a c t i o n  
a l t h o u g h j t h e  c h e m i c a l  c o n s t i t u t i o n  and  m o l e c u l a r  w e i g h t  o f  t h e  
e x t r a c t s ' c h a n g e s  o n l y  t o  a s l i g h t  e x t e n t ,  e s p e c i a l l y  i n  t h e  f i r s t  
t h r e e  e x t r a c t i o n s , .
F o r  a  g i v e n  e x t r a c t i o n ^ t h e  c o e f f i c i e n t s  c a l c u l a t e d  . fo r  
eac h  s t a g e  show good a g r e e m e n t  e x c e p t  f o r  t h e  f i n a l  t o l u e n e  
e x t r a c t i o n .  H ow e ve r^ the  v a l u e  f o r  t h e  f o u r t h  e x t r a c t i o n  d e p e n d s  
t o  a  l a r g e  e x t e n t  on t h e  a c c u r a c y  o f  d e t e r m i n a t i o n  o f  t h e  am ount 
o f  s o l u b l e  m a t e r i a l  r e m a i n i n g  i n  t h e  r e s i d u e  and  c o n s e q u e n t l y  t h i s  
i s  w here  d i s c r e p a n c i e s  a r e  l i k e l y  t o  o c c u r .  The r e s u l t s  i n d i c a t e  
t h a t  t h e  g a s  p h a s e  c o n c e n t r a t i o n  i s  n o t  g o v e r n e d  by t h e  
e q u i l i b r i u m  g a s  p h a s e  c o n c e n t r a t i o n  :a s  d e t e r m i n e d  p r e v i o u s l y  i n  
U n i t  No. 2 ,  b u t  a l s o  by t h e  s o l v e n t - r e s i d u e  r a t i o  p r e v a i l i n g  
w i t h i n  t h e  a u t o c l a v e .
The u l t i m a t e  a n a l y s e s  o f  t h e  e x t r a c t s  a r e  shown i n  T a b l e  2 h \  
t h e s e  i l l u s t r a t e  o n l y  s l i g h t  i n c r e a s e s  i n  t h e  /H r a t i o s  o f  
s u c c e s s i v e  e x t r a c t s ,  t h e i r  m o l e c u l a r  w e i g h t s  an d  s o f t e n i n g  p o i n t s .
The r e d u c t i o n  i n  th e  c h l o r i n e  and s u lp h u r  c o n t e n t  o f  bo th  e x t r a c t s  and 
r e s i d u e s  compared w i th  the  o r i g i n a l  c o a l  i s  a s  a  r e s u l t  o f  th e  hydrogen-  
donor d i g e s t i o n .  The oxygen c o n t e n t s  o f  th e  o v e r a l l  e x t r a c t s  o b t a i n e d  
w i th  the  ' o x y g e n - c o n t a i n i n g ’ s o l v e n t s  a r e  h ig h e r  than  th o se  e x t r a c t e d - w i t h  
t o l u e n e .  In  th e  c a s e  o f  t h e  t e t r a h y d r o f u r a n  e x t r a c t i o n  t h i s  cou ld  be a s  
the  r e s u l t  o f  ho ld -up  o f  the  s o l v e n t  a l th o u g h  t h e r e  i s  the  p o s s i b i l i t y  
t h a t  e x t r a c t s  w i th  h ig h  oxygen c o n t e n t s  were e x t r a c t e d  p r e f e r e n t i a l l y  
by the  more p o l a r  s o l v e n t s .
Comparison o f  the  e l e m e n ta l  com pos i t ion  o f  th e  e x t r a c t s  and r e s i d u e s  
i s  b e s t  made w i th  th e  a n a l y s i s  o f  a  t y p i c a l  whole c o a l  e x t r a c t .  The 
r e s i d u e  from the  e x t r a c t i o n s  have c o n s i d e r a b l y  h ig h e r  /H v a l u e s  and much 
lower  oxygen v a l u e s / showing t h a t  oxygen c o n t a i n i n g  m a t e r i a l s  were 
p r e f e r e n t i a l l y  e x t r a c t e d .
The ash  c o n t e n t s  'of th e  e x t r a c t s  were o f  g r e a t  i n t e r e s t  s i n c e  i t  . 
was hoped t h a t  the  t e c h n iq u e  o f  gas  e x t r a c t i o n  cou ld  produce low a s h  
c o n t e n t  e x t r a c t s  compared w i th  l i q u i d  s o l v e n t  e x t r a c t i o n  p r o c e s s e s .  The 
normal p rocedu re  adopted  f o r  c o a l  and a s s o c i a t e d  m a t e r i a l s  i s  t o  de te rm ine  
a s h  c o n t e n t s  i n  s i l i c a  c r u c i b l e s .  However, i n  t h i s  case  t h e  r e s u l t s  were 
s u s p i c i o u s l y  h igh  when compared w i th  c a l c u l a t e d  v a l u e s  f o r  t h e  whole 
e x t r a c t  o b t a in e d  by c a r r y i n g  o u t  ash  b a l a n c e s  on th e  feed  c o a l  a n d . r e s i d u e .  
I t  was a l s o  found to  be d i f f i c u l t  t o  rep roduce  th e  r e s u l t s  and c l o s e  
i n s p e c t i o n  o f  t h e  s i l i c a  c r u c i b l e s  a f t e r  u se  showed t h a t  th e y  were b e i n g  
a t t a c k e d  by th e  e x t r a c t .
R e d e t e rm in a t io n s  o f  the  ash  c o n t e n t s  u s i n g  p l a t i n u m  c r u c i b l e s  
i n d i c a t e d  t h a t ,  i n  g e n e r a l ,  d e t e r m i n a t i o n s  i n  s i l i c a  d i s h e s  gave h ig h
r e s u l t s  by a f a c t o r  o f  fo u r  and t h a t  e x t r a c t s  w i th  a s h  c o n t e n t s  o f
0 .0 3 ^  cou ld  r e a d i l y  be o b t a i n e d .  A s i m i l a r  problem i n  measurement o f  low 
ash  c o n t e n t s  was encoun te red  by Cudmore( 9 9 ) -d u r in g  th e  s o l v e n t  e x t r a c t i o n  
o f  A u s t r a l i a n  c o a l s .
Mass ba lance  d a t a  f o r  b o th  d i g e s t i o n  a n d ' e x t r a c t i o n  s t a g e s  a r e  shown 
i n  Tab le  23 .  There i s  th e  expec ted  l o s s  o f  c o a l  a s  gas  and w a te r  i n  
th e  d i g e s t i o n  s t a g e . ;  However t h e r e  i s  a l s o  a s i g n i f i c a n t  and s u r p r i s i n g ,  
l o s s  o f  c o a l  m a t e r i a l  i n  th e  e x t r a c t i o n  s t a g e .  Th i s  p a r t i c u l a r  b a lan ce  
i s ,  i n  f a c t ,  a f f e c t e d  by th e  amount o f  t e t r a l i n  which i s  p r e s e n t  i n  th e  
d i g e s t  when the  e x t r a c t i o n  commenced. T h i s  amount o f  t e t r a l i n  was 
de te rmined  by g . l . c .  a n a l y s i s  o f  th e  re c o v e re d  s o l v e n t  from th e  
e x t r a c t i o n .  The f a c t  t h a t  i n  two o f  t h e  e x t r a c t i o n s  t h e r e  was a n e t  
ga in  o f  t e t r a l i n  conf irm s  t h a t  t h e r e  was some e r r o r  i n  t h e  g . l . c .  
d e t e r m i n a t i o n s - w h i c h ' - i t s e l f '  e x p l a i n s  th e  a p p a r e n t  and o th e rw is e  . • •'
u n e x p l a in a b l e  l o s s  o f  c o a l  m a t e r i a l  i n  th e  e x t r a c t i o n  s t a g e .
The one a v a i l a b l e '  mass b a lan ce  o f - g a s  s o l v e n t  f o r  a  f o u r  s t a g e  
e x t r a c t i o n  shows a v e ry  sm a l l  l o s s  o f  s o l v e n t  ( < 1?0 which i n c l u d e s  
l o s s e s  d u r in g  b o th  the  e x t r a c t i o n  and d i s t i l l a t i o n  s t a g e s .
8 . 3 * 2 .  D i r e c t  E x t r a c t i o n  o f  Coal
The e x t r a c t i o n  o f  c o a l  i n  a  1 0 - l i t r e  c a p a c i t y  b a t c h  a u t o c l a v e
r e i n f o r c e d  t h e  r e s u l t s  o f  t h e  w ork  u s i n g  t h e  O.3 6  l i t r e  c a p a c i t y
/ w /u n i t  i n  t h a t  a p p r o x i m a t e l y  20% /w  o f  a  low r a n k  c o a l  c an  be  
e x t r a c t e d  b e t w e e n  330°C and  380°C.  A n a l y s e s  o f  t h e  c o a l s  e x am in ed  
a r e  shown i n  T a b l e s  27 and  3 2 .  The e f f e c t  o f  c e r t a i n  p a r a m e t e r s  
on t h e  o v e r a l l  l e v e l  o f  e x t r a c t i o n  a r e  d i s c u s s e d  b e l o w .
8 . 3 . 2 . 1 .  The E f f e c t  o f  t h e  P r e s e n c e  o f  A i r  and  W a t e r  i n  
t h e  a u t o c l a v e
I t  h a s  b e e n  n o t e d  by p r e v i o u s  w o rk e r s ( IO O )  t h a t  t h e  p r e s e n c e  
o f  w a t e r  i n  t h e  e x t r a c t i o n  v e s s e l  r e d u c e s  t h e  y i e l d  o f  t a r  o r  
e x t r a c t  f rom c o a l  e s p e c i a l l y  i f  t h e  s o l v e n t  i s  m i s c i b l e  w i t h  
w a t e r .  * ' . '
W a t e r ,  p r e s e n t  a s  c o a l  m o i s t u r e ,  o f t e n  am oun ted  t o  65g  a t  
t h e  b e g i n n i n g  o f  an  e x t r a c t i o n  and  a d d i t i o n a l  a m oun ts  were  
p r o d u c e d  a s  a  r e s u l t  o f  t h e  t h e r m a l  d e c o m p o s i t i o n .  I n  one c a s e  
w a t e r  was added  t o  t h e  s y s t e m  and  i n  o t h e r  c a s e s  c o a l  m o i s t u r e  
was removed by a d d i n g  e x t r a  t o l u e n e ^ i n  a d d i t i o n  t o  t h a t  r e q u i r e d  
t o  p r o d u c e  t h e  d e s i r e d  w o r k in g  p r e s s u r e .  The e x c e s s  was t h e n  
d i s t i l l e d  o f f  a t  a p p r o x i m a t e l y  120°C and  by a d j u s t i n g  t h e  e x c e s s  
t o l u e n e  ad d ed  d i f f e r e n t  am oun ts  o f  w a t e r  c o u l d  be rem oved .
The m o l a r  c o n c e n t r a t i o n  o f  w a t e r  i n  t h e  g a s  p h a s e  a r e  shown i n  
T a b l e  33 .
A i r  i n  t h e  s y s t e m  was  o n l y  removed  a s  a  r e s u l t  o f  t h e  
d i s t i l l a t i o n  p r o c e s s  and  t h e r e f o r e  v a r y i n g  a m o u n ts  w ere  p u r g e d
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f rom t h e  a u t o c l a v e  d e p e n d i n g  on t h e  amount o f  t o l u e n e  rem oved .
The amount o f  a i r  r e m a i n i n g  i n  t h e  a u t o c l a v e  i n  r u n  8 ( T a b l e  3 3 )  
can  be  j u d g e d  from t h e  f a c t  t h a t  a p p r o x i m a t e l y  A-00 l i t r e s ’ o f  
t o l u e n e  v a p o u r  were p u r g e d  t h r o u g h  t h e  3 l i t r e  a i r  s p a c e  i n  t h e  
a u t o c l a v e  d u r i n g  d i s t i l l a t i o n .  The y i e l d s  o b t a i n e d  d u r i n g  a 
s i n g l e  b a t c h  e x t r a c t i o n  a t  380°C are .  shown i n  F i g u r e  2 9 . w h ich  
shows no i n c r e a s e  a s  a  r e s u l t  o f  t h e  r e m o v a l  o f  a i r .  and w a t e r  
f rom t h e  s y s t e m .  S u b s e q u e n t l y ^ t h e  r e m o v a l  o f  w a t e r  f r o m . t h e  
c o a l  was n o t  p r a c t i s e d .
8 . 3 • 2 . 2 .  The E f f e c t  o f  E q u i l i b r i u m  Time
R e f e r e n c e  t o  t h e  i n v e s t i g a t i o n s  o f  w o r k e r s  i n  t h e  f i e l d s  
o f  t h e r m a l  d e c o m p o s i t i o n  and  s o l v e n t  e x t r a c t i o n  o f  c o a l  show 
t h a t  l o n g  t r e a t m e n t  t i m e ’s  a r e  u s u a l l y  .‘employed i n  o r d e r  t o  • r
d e t e r m i n e  t h e  t o t a l  amount o f  e x t r a c t  a v a i l a b l e .  F o r  i n s t a n c e  
S o x h l e t  e x t r a c t i o n s  l a s t i n g  up w ard s  o f  50 h o u r s  w ere  c e r t a i n l y ,  
n o t  uncommon.
T h i s  i n v e s t i g a t i o n  was  p a r t i c u l a r l y  c o n c e r n e d  i n  t h e  y i e l d ,  
o f  e x t r a c t  a v a i l a b l e  u s i n g  r e l a t i v e l y  s h o r t  r e s i d e n c e  t i m e s .
I.t was_„.found t h a t  t h e r e  was no i n c r e a s e  i n  y i e l d  when 
t h e  r e s i d e n c e  t im e  was i n c r e a s e d  f rom m i n u t e s  t o  135 m i n u t e s  
i n  r u n s  9  - I ' l l  T a b l e  26 .  The t i m e s  q u o t e d  h e r e  r e f e r  t o  t h e  
r e s i d e n c e  t i m e  a t  t h e  e x t r a c t i o n  t e m p e r a t u r e  b e f o r e  d e p r e s s u r i s a t i o n  
commenced.  I n  f a c t  t h e  h e a t i n g - u p  t i m e  f o r  t h e  a u t o c l a v e  was  
a b o u t  3 h o u r s  from a m b i e n t  t o  J>80° C  and  p r e s u m a b l y  d e c o m p o s i t i o n  
o f  t h e  c o a l  was t a k i n g  p l a c e  from a t  l e a s t  J > 0 0 °C  o n w ard s  ;
e s p e c i a l l y  d u r i n g  t h e  e x t r a c t i o n  o f  l o w - r a n k  c o a l s .  D r y d e n ( 101 ) 
found  t h a t  when u s i n g  am ine s o l v e n t s  a  r e s i d e n c e  t i m e  o f  1 h o u r  
was a d e q u a t e  f o r  c o m p l e t e  e x t r a c t i o n  i f  a c o a l  g ro u n d  to  
-7 2  B . S . S .  was a g i t a t e d  w i t h  t h e  s o l v e n t o  The r a p i d  e x t r a c t i o n  
i n  t h a t  c a s e  was p r o b a b l y  a s  a  r e s u l t  o f  t h e  s w e l l i n g  a c t i o n  o f  
t h e  am ine  s o l v e n t  w h ich  a l l o w e d  i t  t o  p e n e t r a t e  e a s i l y  deep  i n t o  
t h e  c o a l  p a r t i c l e .  A l t h o u g h  t o l u e n e  d i d  n o t  c a u s e  t h e  c o a l  to
- ks w e l l ,  i t s  low  d e n s i t y  ( 0 .*f g / c c )  and  low v i s c o s i t y  ( f i x  10 ^ ( . p . )
would  p r o b a b l y  a l l o w  i t  t o  p e n e t r a t e  r a p i d l y  i n t o  n a t u r a l  p o r e  s t r u c t u r e  
o f  t h e  c o a l  p a r t i c l e  and  e x t r a c t  t h e  d e p o l y m e r i s e d  m a t e r i a l .
8 . 3 * 2 .3 *  The E f f e c t  o f  Coa l  P a r t i c l e  S i z e
The y i e l d  o f  e x t r a c t  d u r i n g  t h e  s o l v e n t  e x t r a c t i o n  o f  c o a l  
t e n d s * t o  i n c r e a s e  a s  t h e  p a r t i c l e  s i z e  i s  r e d u c e d  a l t h o u g h  t h e  
e f f e c t  i s  s m a l l  be low  - 7 2  mesh B . S . S.  e x c e p t  i n  c a s e s  when t h e  
c o a l  i s  g ro u n d  t o  a p p r o x i m a t e l y  1 u .
E x t r a c t i o n s  were  c a r r i e d  o u t  w i t h  - 7 2  mesh B . S . S .  c o a l ;  
t h e  e f f e c t  o f  p a r t i c l e  s i z e  on y i e l d  was t e s t e d  by e x t r a c t i n g  
a  s am p le  o f  n o m i n a l  -  / 8 n Markham c o a l  w i t h  t o l u e n e  a t  380 C 
(Runs 9 j  12 and  13 T a b l e  26 )  and  t h e r e  was no n o t i c e a b l e  d i f f e r e n c e  
i n  y i e l d .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  d u r i n g  t h e  s i n g l e  s t a g e
J
e x t r a c t i o n  o f  2"  lum ps  o f  Markham c o a l ,  e m p lo y in g  a r e s i d e n c e  
t im e  o f  120 m i n u t e s ^ a  y i e l d  o f  9 .2 .%  was o b t a i n e d  ( c f .  12% f ro m  
- 7 2  mesh B . S . S .  Markham) and  t h i s  s e r v e s  t o  f u r t h e r  i l l u s t r a t e  
t h e  power  o f  a s u p e r c r i t i c a l  s o l v e n t  t o  p e n e t r a t e  deep  i n t o  t h e  
c o a l  s t r u c t u r e  t o  remove e x t r a c t .  S i e v e  a n a l y s e s  a r e  g i v e n  i n  
T a b l e  39•
8 . 3 * 2 . ^ .  The E f f e c t  o f  'T e m p e ra tu r e  o f  E x t r a c t i o n
A s e r i e s  o f  d o u b l e  e x t r a c t i o n s ,  i n  w hich  a s e c o n d  c h a r g e  
o f  t o l u e n e  was added  t o  t h e  r e s i d u e  f rom a s i n g l e  e x t r a c t i o n ,  
were  c a r r i e d  o u t  on t h e  s y s t e m  Markham C o a l / t o l u e n e  a t  i n t e r v a l s  
o f  20°C from 320°C to  AOO°C (Runs 1^ ,  15, 16,  9 and  1 7 ) .  At 
eac h  t e m p e r a t u r e  t h e  y i e l d s  o f  e x t r a c t ,  r e s i d u e ,  g a s  and  w a t e r  
were  d e t e r m i n e d .  The e f f e c t  o f  t e m p e r a t u r e '  on t h e  e x t r a c t  g a s  
and  w a t e r  y i e l d s  i s  shown i n  F i g u r e s  30 and 31 r e s p e c t i v e l y .
E x t r a c t  y i e l d  i n c r e a s e s - . u p  t o  a maximum b e t w e e n  3^0°C and  380°C ,  
w h i l e  g a s  and  w a t e r  y i e l d s  c o n t i n u a l l y  i n c r e a s e .  ' .However t h e  
g a s  and  w a t e r  y i e l d s  a r e  v e r y  low when compared  w i t h  
c o n v e n t i o n a l  c a r b o n i s a t i o n  p r o c e s s i n g .  F i g u r e  k  shows t h a t  t h e  
maximum y i e l d  o f  t a r  o c c u r s  a t  a b o u t  600°C and  t h i s  i s  a c c o m p a n i e d  
by  a  15%- y i e l d ,  o f  g a s .  .The s i g n i f i c a n c e  o f  t h e s e  low. y i e l d s  i s  . 
f u r t h e r  d i s c u s s e d  i n  8 ,5 .
A n a l y s e s  p r e s e n t e d  i n  T a b l e  27 i l l u s t r a t e  t h e  c h a n g e  i n  
n a t u r e  o f  t h e  e x t r a c t s .  As t h e  t e m p e r a t u r e  o f  e x t r a c t i o n  i n c r e a s e s  
t h e  m o l e c u l a r  w e i g h t  and  s o f t e n i n g  p o i n t  (R&B °C) d e c r e a s e  
show ing  t h e  e f f e c t  o f  i n c r e a s e d  t h e r m a l  d e p o l y m e r i s a t i o n .  The 
m o l e c u l a r  w e i g h t s  o f  t h e  e x t r a c t s  a r e  much l o w e r  t h a n  t h o s e  
o b t a i n e d  a t  l o w e r  t e m p e r a t u r e s ^ b e l o w  t h e  d e c o m p o s i t i o n  
t e m p e r a t u r e  u s i n g  p y r i d i n e  a s  s o l v e n t  w here  v a l u e s  from 800  -  
1 0 0 0 ( 102 ) h a v e  b e e n  r e c o r d e d .
E l e m e n t a l  a n a l y s e s  show t h a t  t h e  e x t r a c t s  o b t a i n e d  b e t w e e n  
3 zf0°C and  3 8 0 C *0 a r e  v e r y  s i m i l a r  i n  c o m p o s i t i o n .  D i f f e r e n c e s  a r e  
o n l y  n o t i c e a b l e  a t  320°C, where  t h e  e x t r a c t  h a s  a h i g h  c a r b o n  t o
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h y d r o g e n (  / I I)  r a t i o  and h i g h  oxygen  c o n t e n t  a s  a  r e s u l t  o f  a  
low d e g r e e  o f  d e p o l y m e r i s a t i o n / and  a t  ^-00°C/ where  t h e  e f f e c t s  
o f  p o s s i b l e  s e c o n d a r y  r e a c t i o n s  a r e  shown by h i g h e r  /H r a t i o s .  
I n c r e a s i n g  t e m p e r a t u r e  p r o d u c e s  r e s i d u e s  w i t h  h i g h e r  c a r b o n  
c o n t e n t s  and  /H r a t i o s / show ing  them t o  be more h i g h l y  c a r b o n i s e d .  
The oxygen  c o n t e n t s  d e c r e a s e  c o r r e s p o n d i n g  t h e  h i g h e r  y i e l d s  
o f  w a t e r  and  c a r b o n  o x i d e s .
When e x t r a c t i n g  c o a l  w i t h  s o l v e n t s  t h e  i n f l u e n c e  o f  
t e m p e r a t u r e  i s  much more marked  w i t h  n o n - s p e c i f i c  s o l v e n t s  
t h a n  w i t h  p y r i d i n e .  A r e l a t i v e l y  h i g h  y i e l d ( 35) c a n  be 
o b t a i n e d  u s i n g  p y r i d i n e  a t  i t s  b o i l i n g  p o i n t  and  l i t t l e  i n c r e a s e  
i n  y i e l d  i s  o b t a i n e d  a t  h i g h e r  t e m p e r a t u r e s .  However ,  w i t h  
b e n z e n e  e x t r e m e l y  low y i e l d s  a r e  o b t a i n e d  a t  i t s  b o i l i n g  p o i n t  
( 0 .  1%) (35 ) • C o n s e q u e n t l y  e l e v a t e d '  t e m p e r a t u r e s ,  . .which r e s u l t
i n  h i g h  a u t o g e n o u s  p r e s s u r e s ,  a r e  u s e d .  Many e x t r a c t i o n s  h a v e  
b e e n  c a r r i e d  o u t  j u s t  be low  t h e  c r i t i c a l  p o i n t  o f  b e n z e n e  (288°C )  
w here  y i e l d s  o f  10 - 15% h a v e  been  a c h i e v e d ^ a n d  t r e a t m e n t  up t o  
A-50°C(10zf ) can  i n c r e a s e  t h i s  y i e l d  e v e n  f u r t h e r  ( >  25%)*
The e f f e c t  o f  t e m p e r a t u r e  on t h e  t h e r m a l  d e c o m p o s i t i o n  o f  
c o a l  c an  be i l l u s t r a t e d  by  o b s e r v i n g  t h e  r e s u l t s . o f  G ra y -K in g  
A s s a y s  c a r r i e d  o u t  on Markham c o a l  a t  t h r e e  t e m p e r a t u r e s  3 5 0°C ,  
600°C,  and 900°C. T h es e  a r e  shown i n  T a b l e  3^'» T h e rm a l  
d e g r a d a t i o n  h a s  o n l y  j u s t  begun  a t  350°C,  p r o d u c t i o n  o f  v o l a t i l e  
m a t e r i a l  r a p i d l y  i n c r e a s e s  t o  a s i g n i f i c a n t  l e v e l  by 600°C^ 
a l t h o u g h  beyond  t h i s  p o i n t  p r o d u c t i o n  o f  c o n d e n s i b l e  m a t e r i a l  
d e c r e a s e s  s l i g h t l y  a s  g a s  p r o d u c t i o n  c o n t i n u e s  t o  i n c r e a s e .
A c o m p a r i s o n  o f  t h e  y i e l d  o f  t a r  from a low r a n k  c o a l  by  
a ‘ number  o f  t e c h n i q u e s  a t  t e m p e r a t u r e s  up t o  350°C i s  made i n  
T a b l e  35* D a ta  f o r  o t h e r  t e c h n i q u e s ,  i n c l u d i n g  vacuum 
d i s t i l l a t i o n  and f l u i d i s e d  c a r b o n i s a t i o n ,  i s  o n l y  a v a i l a b l e  
a t  t e m p e r a t u r e s  o f  7+5 0 °C and above  and  f u r t h e r  c o m p a r i s o n s  w i t h  
t h e s e  p r o c e s s e s  a r e  made i n  8 . 5 *
I t  c a n  be s e e n  t h a t  g a s  e x t r a c t i o n  w i t h  t o l u e n e  g i v e s  a  
s i m i l a r  y i e l d  t o  t h e  p r e s s u r e  b e n z e n e  e x t r a c t i o n ;  t h e  d i f f e r e n c e  
b e i n g  t h a t  i n  t h e  g a s  e x t r a c t i o n  t h e  e x t r a c t  was removed f rom  
t h e  a u t o c l a v e  i n  t h e  g a s  p h a s e ,  w h e r e a s  i n  t h e  b e n z e n e  
e x t r a c t i o n  r e m o v a l  o f  t h e  e x t r a c t  o n l y  t o o k  p l a c e  a f t e r  f u r t h e r  
e x t r a c t i o n  a t  260°C i n  t h e  l i q u i d  p h a s e .
F o r  b e n z e n e  e x t r a c t i o n ,  t h e  r e s u l t s  o f  A s b u r y (10^ )  i n  f a c t  
c o n t r a s t  w i t h  t h e  d a t a  o b t a i n e d  d u r i n g  t h e  g a s  e x t r a c t i o n  o f  
Markham c o a l  w i t h  t o l u e n e .  D u r in g  t h e  p r e s s u r e  b e n z e n e  
e x t r a c t i o n s ,  i n  w h ich  c o a l  was i n i t i a l l y  e x t r a c t e d  a t  260°C ,  
t h e n  h e a t e d  i n  b e n z e n e  g a s  a t  t e m p e r a t u r e s  up t o  -^50 °C and  t h e n  
r e - e x t r a c t e d  a t  260°C,  t h e  y i e l d  o f  e x t r a c t  c o n t i n u e d  t o  i n c r e a s e  
up t o  ^ 50°C.
The y i e l d  o f  e x t r a c t  w i t h  s u p e r - c r i t i c a l  t o l u e n e  i s  s t i l l  
c o n s i d e r a b l y  l e s s  t h a n  m i g h t  be  e x p e c t e d  from e x t r a c t i o n . w i t h  
p y r i d i n e  a t  i t s  b o i l i n g  p o i n t .  However,  t h e  t y p e  o f  e x t r a c t i o n  
em ployed  f o r  t h e  g a s  e x t r a c t i o n  e x p e r i m e n t s  was p e r h a p s  n o t  i d e a l  
f o r  maximum y i e l d  o f  e x t r a c t  s i n c e  i t  h a s  b e e n  n o t e d ( l 0 5 ) t h a t ,  
i f  c o a l  and  a  s o l v e n t  a r e  h e a t e d  t o g e t h e r  f o r  l o n g  p e r i o d s ,  
w i t h o u t  r e m o v a l  o f  s o l u b l e  m a t e r i a l ,  r e s o r p t i o n  o f  t h i s  m a t e r i a l  
can  o c c u r  and  c o n s e q u e n t l y  S o x h l e t - t y p e  e x t r a c t i o n s  a r e  p r e f e r r e d .
8 . 3 • 2 . 5  . E f f e c t  o f  S o l v e n t  t o  C oa l  R a t i o
S i n g l e  e x t r a c t i o n s  (Runs  9? 2 3 - 2 6 )  were c a r r i e d  o u t
a t  v a r y i n g  s o l v e n t  t o  c o a l  r a t i o s ;  c h a r g e s  o f  c o a l  t o  t h e  
a u t o c l a v e  w ere  v a r i e d  from 100 g t o  1500  g and  s u f f i c i e n t  
s o l v e n t  was ad d e d  t o  p r o d u c e  t h e  d e s i r e d  w o rk in g  p r e s s u r e .
The r e s u l t s ,  p l o t t e d  i n  F i g u r e  32 ,  show a  maximum y i e l d  
a p p r o a c h i n g  20% d . a . f .  c o a l .  T h i s  i s  s l i g h t l y  i n  e x c e s s  o f  
t h e  t o t a l  o b t a i n e d  i n  f o u r  s u c c e s s i v e  e x t r a c t i o n s  a t  380°C,
a s  d e s c r i b e d  i n  8 . 4 . ,  w h e re  t h e  o v e r a l l  s o l v e n t  t o  c o a l  r a t i o
!
was a p p r o x i m a t e l y  25 : 1• W ide ly  d i f f e r i n g  g a s  p h a s e
6 ' ■ " c o n c e n t r a t i o n s  o f  e x t r a c t  were  o b t a i n e d , s h o w i n g  t h a t  s a t u r a t i o nI J  o
I
was n o t ' l i m i t i n g  t h e  e x t r a c t  y i e l d .  P a r t i t i o n  c o e f f i c i e n t s  
were  t h e r e f o r e  d e t e r m i n e d  f o r  ea c h  e x t r a c t i o n  i n  a  s i m i l a r  
manner  t o  t h o s e  f o r  t h e  e x t r a c t i o n  o f  c o a l  d i g e s t ,  " 8 . 3 - ^ - The. 
v a l u e s  t o g e t h e r  w i t h  t h e  s o l v e n t  t o  c o a l  r a t i o s  a r e  shown i n  
T a b l e  3 6 . The b a s i s  o f  t h e  c a l c u l a t i o n  i s  r e c o r d e d  i n  ^
Append ix  3«
The c o e f f i c i e n t s  o b t a i n e d  a r e  s i m i l a r  o v e r  t h e  w hole  r a n g e  
o f  s o l v e n t  t o  c o a l  r a t i o s / s u g g e s t i n g  t h a t  a  p a r t i t i o n i n g  o f  
e x t r a c t  b e t w e e n  t h e  g a s  p h a s e  and s o l i d  r e s i d u e  l i m i t s  t h e  
y i e l d  a t  a  g i v e n  s o l v e n t  t o  c o a l  r a t i o .  I n  g e n e r a l / t h e  v a l u e s  
a r e  s l i g h t l y  h i g h e r  t h a n  t h o s e  o b t a i n e d  d u r i n g  t h e  e x t r a c t i o n  
o f  c o a l  d i g e s t  w i t h  t o l u e n e  a t  350°C,  and  t h i s  h i g h e r  v a l u e  
c o u l d  be  c a u s e d  by  t h e  f a c t  t h a t  l o w e r  m o l e c u l a r  w e i g h t  m a t e r i a l  
was b e i n g  e x t r a c t e d .  . • ,
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8 . 3 * 2 . 6 .  The E f f e c t  o f  C oa l  Rank
I t  was i n t e n d e d  t o  d e t e r m i n e  t h e  y i e l d  a v a i l a b l e  f rom a 
c o m p l e t e  r a n g e  o f  c o a l s  f rom 200 r a n k  t o  900 r a n k  (CRC), 
u n f o r t u n a t e l y  when e x t r a c t i n g  t h e  300  and A00 r a n k  c o a l s  
a v a i l a b l e  t h e y  f u s e d ,  s w e l l e d  and  made i t  i m p o s s i b l e  t o  s t i r  
t h e  s y s t e m  an d  c o n s e q u e n t l y  no d a t a  i s  a v a i l a b l e  f o r  t h e s e  c o a l s .
The r e s u l t s  o b t a i n e d  a r e  p r e s e n t e d  i n  F i g u r e  33? w here  t h e  
y i e l d  (%  d . a . f .  c o a l )  i s  p l o t t e d  a g a i n s t  c a r b o n  c o n t e n t  o f  t h e  
c o a l .  The y i e l d  a v a i l a b l e  i n  a  d o u b l e  e x t r a c t i o n  w i t h  t o l u e n e  
a t  380°C showed a maximum f o r  a  c o a l  w i t h  a p p r o x i m a t e l y  83% 
c a r b o n .
A n a l y s e s  o f  t h e  p r o d u c t s  o b t a i n e d  d u r i n g  t h e s e  e x t r a c t i o n s  
. (Runs 1 8 - 2 2 )  -.are shown i n  T a b l e  2 7 .  When c o n s i d e r i n g  t h e
com bined  e x t r a c t s  f o r  e a c h  c o a l ,  t h e s e  e x t r a c t s  h a v e  s i m i l a r
C • ' ’/H r a t i o s  f o r  r a n k s  302 t o  902 and  t h i s  c o i n c i d e s  w i t h  t h e
s i m i l a r  y i e l d s  o b t a i n e d .  The m a j o r  d i f f e r e n c e  was i n  t h e  e x t r a c t
f rom t h e  201 r a n k  c o a l  w he re  t h e  /H  r a t i o  i s  c o n s i d e r a b l y  h i g h e r
even  th o u g h  o n l y  a v e r y  s m a l l  y i e l d  was o b t a i n e d .  The m o l e c u l a r
w e i g h t  o f  t h i s  m a t e r i a l  i s  c o r r e s p o n d i n g l y  h i g h  com pared  w i t h
t h e  e x t r a c t  from t h e  low r a n k  c o a l s  and  i n  f a c t  t h e  s e c o n d
e x t r a c t  was h i g h l y  i n s o l u b l e  i n  t e t r a h y d r o f u r a n  m ak in g  i t
i m p o s s i b l e  t o  d e t e r m i n e  i t s  m o l e c u l a r  w e ig h t  by t h e  i s o p i e s t i c
method  a d o p t e d .
The o t h e r  m a jo r  d i f f e r e n c e  i n  t h e  e x t r a c t s  was t h a t  t h e  ‘ 
e x t r a c t  from t h e  201 c o a l  had  a  l o w e r  c a r b o n  c o n t e n t  and  h i g h e r  
oxygen  c o n t e n t  t h a t  t h e  p a r e n t  c o a l  w h e r e a s  t h e  o p p o s i t e  was
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t r u e  f o r  a l l  t h e  o t h e r  c o a l s  e x t r a c t e d .
F i g u r e  33 i s  a l s o  u s e d  t o  make a c o m p a r i s o n  w i t h  y i e l d s  
o b t a i n e d  d u r i n g  p y r i d i n e  e x t r a c t i o n s  (1 1 3°C) ( 1 0 6 ) ,  b e n z e n e  
e x t r a c t i o n s  ( 2 8 3 ° C ) ( 1 0 6 )  and  vacuum d i s t i l l a t i o n  (^f50°C)( 108).
The r e l a t i o n s h i p  b e t w e e n  y i e l d  o f  e x t r a c t  b y . p y r i d i n e  e x t r a c t i o n  
and  c a r b o n  c o n t e n t  o f  t h e  c o a l  h a s  b e e n  sum m ar ised  by  Van K r e v e l e n (  Jf8 ) .  
A t t e m p t s  t o  c o n s t r u c t  a  s i m i l a r  p l o t  f o r  b e n z e n e  e x t r a c t i o n  a t  
283°C r e s u l t  i n  a  i n d e c i p h e r a b l e  mass  o f  p o i n t s  r e p r e s e n t i n g . ' y i e l d s  
o f  3 -  15% f o r  c o a l s  w i t h  c a r b o n  c o n t e n t s  r a n g i n g  f rom 80 -  90% 
and t h i s  i l l u s t r a t e d  how d i f f i c u l t  i t  i s  t o  p r e d i c t  t h e  e x a c t  
b e h a v i o u r  o f  any c o a l .  The p l o t  o f  Van K r e v e l e n  i s  i n c l u d e d  
b u t  p o s s i b l y  t h e  b e s t  c o m p a r i s o n  c a n  be  made u s i n g  t h e  d a t a  o f  
Damm(1 0 6 ) s i n c e  he e x t r a c t e d  a  s e r i e s  o f  s i x  c o a l s  w i t h  b o t h  
p y r i d i n e  and  b e n z e n e .  A f u r t h e r  s i n g l e  p o i n t  i s  i n c l u d e d  w h i  ch 
r e p r e s e n t s  t h e  S o x h l e t  e x t r a c t i o n  o f  Markham C oa l  u s i n g  p y r i d i n e ^  
w hich  shows r e a s o n a b l e  a g r e e m e n t  w i t h  t h e  r e s u l t s  o f  Damm. A l l  
t h e  p l o t s  e x h i b i t  p e a k s  w i t h i n  t h e  r a n g e  8^ - 87% ca rb o n ^  f a l l i n g  
t o  a s i m i l a r l y  low l e v e l  f o r  c o a l s  w i t h  c o n t e n t s  o f  90% and  a b o v e .
8 . 3 • 2 . 7 •  Thb E f f e c t  o f  S o l v e n t
The i n v e s t i g a t i o n  o f  t h i s  t o p i c  was n o t  e x t e n s i v e  s i n c e  i t  
was soon  fo u n d  t h a t  t o l u e n e  and  o - x y l e n e  gave  s i m i l a r  y i e l d s  ; 
t o  p y r i d i n e ,  a  good s p e c i f i c  l i q u i d  p h a s e  s o l v e n t .
O t h e r  s o l v e n t s  were  u s e d  b u t  c y c l o h e x a n o l  and  a c e t i c  a c i d  
were fo u n d  t o  be u n s t a b l e ,  a t  380°C and no r e s u l t s  
were  o b t a i n e d  u s i n g  t h e s e  s o l v e n t s .
I t  s h o u l d  be  n o t e d  t h a t  t h e  r e s u l t s  o b t a i n e d  i n  t h i s  
p a r t i c u l a r  i n v e s t i g a t i o n  gave  g e n e r a l l y  h i g h e r  e x t r a c t  y i e l d s .  
These  r u n s  (Nos.  2 7 - 3 0 )  w ere  c a r r i e d  o u t  w i t h  f r e s h l y  g r o u n d  
c o a l  and  s h o u l d  be  c o n s i d e r e d  s e p a r a t e l y  from t h e  r e m a i n d e r  o f  
t h e  e x t r a c t i o n s  i n  .which  t h e  c o a l s  u s e d  were  s t o r e d  f o r  up t o  
1 month b e f o r e  u s e .
The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a g r e e  w i t h  an  o b s e r v a t i o n  
o f  D ryden (37  ) t h a t  t h  e n a t u r e  o f  t h e  s o l v e n t  becom es  l e s s  
i m p o r t a n t  above 230°C an d  t h e r e f o r e  e s p e c i a l l y  above  t h e  
d e c o m p o s i t i o n  t e m p e r a t u r e  o f  t h e  c o a l .  A l l  e x t r a c t i o n s  w ere  
c a r r i e d  o u t  a t  38 0 °C and  c o n s e q u e n t l y  t h e  r e d u c e d  t e m p e r a t u r e  
o f  t h e  e x t r a c t i n g  s o l v e n t  v a r i e d .  From t h e o r e t i c a l  c o n s i d e r a t i o n s  
i t  m i g h t  be  e x p e c t e d  t h a t  t h e  s o l v e n t s  o p e r a t i n g  c l o s e r  t o  t h e i r  
c r i t i c a l  t e m p e r a t u r e s ,  f o r  example  o - x y l e n e  and  p y r i d i n e ,  w o u ld  
y i e l d  more e x t r a c t ^ a l t h o u g h  t h e  e f f e c t  o f  t h e  p a r t i t i o n i n g  o f  
e x t r a c t  b e tw e e n  t h e  s o l i d  r e s i d u e  an d  t h e  s o l v e n t  p h a s e  w ou ld  
p o s s i b l y  o b s c u r e  any  e f f e c t  o f  t h i s  n a t u r e .
A n a l y s e s  o f  t h e  e x t r a c t s  and  r e s i d u e s  o b t a i n e d  d u r i n g  t h e s e  
e x t r a c t i o n s  a r e  g i v e n  i n  T a b l e  27 .
The e x t r a c t s  o b t a i n e d  w i t h  o - x y l e n e  and t o l u e n e  were  v e r y  
s i m i l a r ^ b o t h  w i t h  r e s p e c t  t o  e l e m e n t a l  a n a l y s i s  and  m o l e c u l a r  
w e i g h t , b u t  t h e  p y r i d i n e  e x t r a c t  was m a rk e d l y  d i f f e r e n t . .  The 
c a r b o n  c o n t e n t  was low w h i l s t  t h e  n i t r o g e n ,  s u l p h u r  and  c h l o r i n e  
c o n t e n t s  were  v e r y  h i g h  and  t h i s  c o r r e s p o n d s  t o  e x t r a c t s  o b t a i n e d  
by  o t h e r  w o r k e r s ( 1 0  6) .  The h i g h  n i t r o g e n  c o n t e n t  was a r e s u l t  o f  
a  h o l d - u p  o f  p y r i d i n e  i n  t h e  e x t r a c t ; p y r i d i n e  h a s  b e e n  found  t o  be
d i f f i c u l t  t o  remove by d i s t i l l a t i o n  and  many w o r k e r s  have  
p r e v i o u s l y  r e s o r t e d  t o  d r y i n g  o v e r  s u l p h u r i c  a c i d  t o  a c h i e v e  
c o m p le t e  r e c o v e r y .
The m o l e c u l a r  w e i g h t s  o f  t h e  e x t r a c t s  a r e  v e r y  s i m i l a r  
a l t h o u g h ^ a s  m ig h t  be e x p e c t e d ^ t h e  p y r i d i n e  e x t r a c t  h a s  a much 
l o w e r  v a l u e  t h a n  t h e  m e a s u r e d  v a l u e  f o r  e x t r a c t s  o b t a i n e d  a t  
t h e  b o i l i n g  p o i n t  o f  p y r i d i n e ^ w h e r e  l e s s  t h e r m a l  d e c o m p o s i t i o n  
had  o c c u r r e d .
8 o o  E x h a u s t i v e  E x t r a c t i o n s
E s t i m a t e s  o f  t h e  t o t a l  y i e l d  o b t a i n a b l e  a t  e a c h  o f  t h e  t h r e e  
e x t r a c t i o n  t e m p e r a t u r e s  c a n  be  made f rom p l o t s  shown i n  
F i g u r e  3^* The o v e r a l l  y i e l d  i s  a p p r o x i m a t e l y  t h e  same a t  a l l  
t h r e e  t e m p e r a t u r e s  a l t h o u g h  t h e  e x t r a c t  i s  r e l e a s e d  a t  a  l o w e r  r a t e
a t  330°C and t h i s  a c c o u n t s  f o r  t h e  f a c t  t h a t  i n  t h e  t w o - s t a g e
(
e x t r a c t i o n  c a r r i e d  o u t  p r e v i o u s l y  t h e  a p p a r e n t  y i e l d  d i m i n i s h e d  
b e lo w  3^0°C .  A l th o u g h  s i m i l a r  y i e l d s  a r e  o b t a i n e d  i n  t h e  
i n i t i a l  e x t r a c t i o n  a t  b o t h  330°C and  380°C/ u l t i m a t e l y  more 
m a t e r i a l  was e x t r a c t e d  a t  3 30 °C s u g g e s t i n g  t h a t  s e c o n d a r y  
r e a c t i o n s  o c c u r r e d  t o  e v e n t u a l l y  d i m i n i s h  t h e  o v e r a l l  y i e l d  
a v a i l a b l e  a t  380°C.
P a r t i t i o n  c o e f f i c i e n t s  were  c a l c u l a t e d  f o r  e x t r a c t i o n s  a t  
330 ° C and  380 °C b u t  n o t  -at  330°C s i n c e  i t  h a s  t o  be assum ed  t h a t  
a l l  t h e  e x t r a c t  i s  a v a i l a b l e  f o r  e x t r a c t i o n  a t  t h e  commencement 
o f  t h e  i n i t i a l  l e t - d o w n  o f  p r e s s u r e .  The v a l u e s  o b t a i n e d  a r e  
shown i n  T a b l e  37* The v a l u e s  f o r  t h e  e x t r a c t i o n s  a t  330°C 
a g r e e  w e l l  w i t h  t h o s e  p r e v i o u s l y  c a l c u l a t e d  a t  380°C ,  s e e  
T a b l e  36 , a l t h o u g h  a t  380°C t h e  c o e f f i c i e n t s  show no s i m i l a r i t y ,  
and  h e r e  a g a i n  i s  a  p o s s i b l e  i n d i c a t i o n  o f  t h e  i n t e r f e r e n c e  o f  
s e c o n d a r y  r e a c t i o n s .
D u r in g  t h e s e  e x t r a c t i o n s  t h e  w ho le  o f  t h e  g a s  p r o d u c e d  
d u r i n g  ea c h  s t a g e  o f  e a c h  e x t r a c t i o n  was c o l l e c t e d  and  a n a l y s e d .  
The a n a l y s e s  a r e  g i v e n  i n  T a b l e  31 and  t h e  g a s  y i e l d s  a t  t h e  
t h r e e  t e m p e r a t u r e s  h a v e  b e e n  p l o t t e d  i n  F i g u r e  35* T h i s  f i g u r e  
shows t h e  s i g n i f i c a n t  c h a n g e  b o t h  i n  t h e  y i e l d  and  c o m p o s i t i o n  '
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o f  t h e  g a s  e v o l v e d  a t  330°C and 380°C.  I t  can  be c o n c l u d e d  
t h a t  a l t h o u g h  a l m o s t  e q u a l  q u a n t i t i e s  o f  e x t r a c t  w ere  o b t a i n e d  
o v e r a l l  a t  t h e s e  two t e m p e r a t u r e s  t h e r e  was i n  f a c t  a  ch an g e  i n  
t h e  d e c o m p o s i t i o n  r e a c t i o n  w hich  p r o d u c e d  t h e  e x t r a c t a b l e  m a t e r i a l  
s i n c e  more h y d ro g e n  and  m e th a n e  was p r o d u c e d  a t  380°C.  T h i s  
c o n c l u s i o n  i s  r e i n f o r c e d  by  m o l e c u l a r  w e ig h t  d a t a  d i s c u s s e d  
b e l o w .  S i m i l a r  am oun ts  o f  g a s  o f  s i m i l a r  c o m p o s i t i o n  were 
o b t a i n e d  f rom low r a n k  c o a l s  by B u r g e s s  and W h e e l e r ( 63 ) and  
a l s o  P o r t e r  and T a y l o r (1 0 7 )  who vacuum d i s t i l l e d  a number ' 
o f  A m er ican  c o a l s  a t  t e m p e r a t u r e s  up t o  V?0°C.
The a n a l y s e s  shown i n  T a b l e  2 9 a-r e  a-n e x t e n s i o n  of .  t h e  
v a l u e s  g i v e n  i n  T a b l e  27 f o r  t h e  p r e v i o u s  t e m p e r a t u r e  
i n v e s t i g a t i o n .  The a v e r a g e  m o l e c u l a r  w e i g h t s  o f  t h e  e x t r a c t s  
l i e  b e t w e e n  300  and  3 0 0 , w i t h  t h e  h i g h e r  v a l u e s  a t  t h e  l o w e r  
e x t r a c t i o n  t e m p e r a t u r e s ,  p a r t i c u l a r l y  330°C. T h i s  i l l u s t r a t e s  
t h a t  a  l e s s  s e v e r e  d e c o m p o s i t i o n  r e a c t i o n  i s  o c c u r r i n g ^ e v e n  
th o u g h  a p p r o x i m a t e l y  t h e  same y i e l d  o f  e x t r a c t  can  be  o b t a i n e d .
The /H r a t i o  o f  t h e  i n d i v i d u a l  e x t r a c t s  i n c r e a s e s  s l i g h t l y  ■ 
s how ing  a  f r a c t i o n a t i n g  e f f e c t  a l t h o u g h  t h e  m o l e c u l a r  w e i g h t s  
o f  t h e  i n d i v i d u a l  e x t r a c t s  do n o t  e x h i b i t  a  s i m i l a r  t r e n d .
The c a r b o n - h y d r o g e n  r a t i o s  f o r  t h e  f i n a l  r e s i d u e s  i n c r e a s e  
w i t h  i n c r e a s i n g  e x t r a c t i o n  t e m p e r a t u r e / w hich  c o i n c i d e s  w i t h  t h e  
i n c r e a s e d  l o s s  o f  h y d r o g e n  a s  m e th a n e  and h y d r o g e n  g a s .  
C o n s e q u e n t ly ^  t h e  h y d r o g e n  c o n t e n t  o f  t h e  e x t r a c t s  r e m a i n s  
c o n s t a n t  a t  a l l  t h r e e  t e m p e r a t u r e s ,  and  i s  s i g n i f i c a n t l y  
h i g h e r  t h a n  t h a t  o f  t h e  r e s i d u e s .
Com par ison  w i t h  t h e  c o a l  a n a l y s i s  shows a  l o s s  o f  some 
o x ygen ,  a s  w a t e r  and  g a s ,  e s p e c i a l l y  a t  380°C/ w h ich  i n c r e a s e d  
w i t h  each  e x t r a c t i o n .  The f i n a l  r e s i d u e  a t  380°C c o n t a i n e d  o n l y  
A0% o f  t h e  oxygen  i n  t h e  c o a l :  10% a p p e a r e d  i n  t h e  e x t r a c t ,  t h e
w a t e r  a c c o u n t e d  f o r  30% and  t h e  g a s  t h e  r e m a i n i n g  10%.
A mass  b a l a n c e  on t h e  e x t r a c t i o n s  w hich  s u m m a r i s e s  t h e  
o v e r a l l  l o s e s s  o f  m a t e r i a l  i s  g i v e n  i n  T a b l e  3 0 .  The mass  
f l o w s h e e t  and  l e g e n d  g i v e n  i n  F i g u r e  36 o u t l i n e  t h e  m e a s u r e m e n t s  
u s e d  to  d e t e r m i n e  t h e  b a l a n c e  and  the '  b a s i s  i s  e x p l a i n e d  i n
I
A ppendix
i  .
T h e / t o l u e n e  l o s s e s  am ounted  i n  t o t a l . t o  l e s s  t h a n  0.2% o f
It h e  t o l u e n e  h a n d l e d  and  c a n  be a s c r i b e d  t o  h o l d  up i n  t h e
a u t o c l a v e  and  d i s t i l l a t i o n  v e s s e l s  and  t o  l e a k a g e  t h r o u g h  t h e
s t i r r e r  g l a n d  o f  t h e  a u t o c l a v e .  Thus, v i r t u a l l y  c o m p l e t e  r e c o v e r y
o f  t h e  s o l v e n t  was a c h i e v e d .  C oa l  l o s s e s  am oun ted  t o  a b o u t
2%. The d e t a i l e d  r e s u l t s  show some p e c u l i a r  f e a t u r e s ;  f o r
example  i n  t h e  f i r s t  e x t r a c t i o n  a t  e a c h  t e m p e r a t u r e  n e g a t i v e
v a l u e s  f o r  , i n d i c a t i n g  a n e t  g a i n  o f  t o l u e n e ,  w ere  o b t a i n e d ,  
n
I t  i s  p o s s i b l e  t h a t  d i s t i l l a t i o n  o f  low b o i l i n g  f r a c t i o n s  o f  t h e  
e x t r a c t  w i t h  t h e  t o l u e n e  was r e s p o n s i b l e  f o r  t h i s  b u t  g . l . c .  
a n a l y s i s  o f  t h e  d i s t i l l a t e  f a i l e d  t o  c o n f i r m  o r  d i s p r o v e  t h i s .
The low y i e l d s  o f  g a s  and  w a t e r  h a v e  b e e n  c o n f i r m e d  a l t h o u g h  
t h e y  do show some i n c r e a s e  from a  t o t a l  o f  3% a t  330°C t o  3% a t
38 o ° c .
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8 . Compar i s on o f  Gas  E x t r a c t io n  w ith  o th e r  T e c h n iq u e s
One o b v io u s  a d v a n t a g e  o f  g a s  e x t r a c t i o n  o v e r  o t h e r  
c a r b o n i s a t i o n  t e c h n i q u e s  i s  t h e  low  y i e l d  o f  g a s  and  w a te r  
w h ich  accom pany even  r e l a t i v e l y  l a r g e  y i e l d s  o f  t a r  o r  
e x t r a c t .
A c o m p a r is o n  i s  made i n  F i g u r e  37 w here  t a r  y i e l d  i s  
p l o t t e d  a g a i n s t  r e s i d u e  y i e l d  f o r  a  s e r i e s  o f  p r o c e s s e s .  A l l  
p r o c e s s e s  from  h ig h  vacuum p y r o l y s i s  t o  h ig h  t e m p e r a t u r e
c a r b o n i s a t i o n  can  be e n c l o s e d  by t h e  l i n e s  AB and BC. The
j
r e c o v e r i e s  o b t a i n e d  by  g a s  e x t r a c t i o n  f a l l  b e tw e e n  t h i s
e n v e lo p e  and  t h e  100% r e c o v e r y  l i n e ,  i l l u s t r a t i n g  t h a t  a  h i g h
i ' ' ■ - •
p e r c e n t a g e  o f  t h e  c o a l  i s  r e c o v e r e d  a s  u s e f u l  s o l i d  and  l i q u i d  
p r o d u c t s .
A c o m p a r is o n  o f  t h e  e x t r a c t i o n  p r o d u c t s  o f  v a r i o u s  • '
t e c h n i q u e s  i s  made i n  T a b le  3 8 . I t  s h o u ld  be n o t e d  t h a t ,  i n  
th e  c a s e  o f  p y r i d i n e  e x t r a c t i o n s ,  many o f  t h e  p r o d u c t s  o b v io u s ly ,  
c o n t a i n e d  a d s o r b e d  p y r i d i n e  w h ich  s l i g h t l y  a f f e c t s  t h e  u l t i m a t e  
a n a l y s i s .  E x a m in a t io n  o f  t h e  u l t i m a t e  a n a l y s e s  shows t h a t  i n  
a l l  c a s e s  e x c e p t  g a s  e x t r a c t i o n  t h e  c a r b o n  c o n t e n t  o f  t h e  e x t r a c t  
i s  l e s s  t h a n  t h a t  o f  t h e  p a r e n t  c o a l .
I t  i s  more r e v e a l i n g  to  s t u d y  t h e  /H v a l u e s  o f  t h e  e x t r a c t  
r e l a t i v e  to  t h e  /H v a l u e  o f  t h e  c o a l  when i t  c a n  be s e e n  t h a t  
t h e  e x t r a c t i o n s  f a l l  i n t o  t h r e e  d i s t i n c t  c a t e g o r i e s :  ( a )  p y r i d i n e
e x t r a c t i o n ;  (b )  b e n z e n e  e x t r a c t i o n  an d  g a s  e x t r a c t i o n ,  and  
( c )  c a r b o n i s a t i o n  i n  s te a m  o r  n i t r o g e n .  The p y r i d i n e  e x t r a c t  
m ost c l o s e l y  r e s e m b l e s  t h e  p a r e n t  c o a l  s i n c e  v e r y  l i t t l e  t h e r m a l
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d e c o m p o s i t i o n  o c c u r r e d  a t  115°C . As t h e  t e m p e r a t u r e  o f  t h e  
e x t r a c t i o n  p r o c e s s  i s  i n c r e a s e d  t h e  e x t r a c t  r e s e m b l e s  t h e  c o a l  
from  w h ich  i t  was d e r i v e d  l e s s  and  l e s s 0
When c o n s i d e r i n g  t h e  r e l a t i v e  - v a lu e s  o f  /H r a t i o  f o r  t h e  
r e s i d u e s  and  o r i g i n a l  c o a l s ,  t h e  r e s i d u e s  can  be c l a s s i f i e d  
i n t o  t h o s e  o b t a i n e d  b e lo w  th e  d e c o m p o s i t i o n  t e m p e r a t u r e  o f  t h e  
c o a l  ( p y r i d i n e  and  b e n z e n e  e x t r a c t i o n s )  and t h o s e  above  ( g a s  
e x t r a c t i o n  and  c a r b o n i s a t i o n ) .  T h i s  i s  a s  a  r e s u l t  o f  h y d ro g e n  
b e i n g  e v o lv e d  i n  g r e a t e r  q u a n t i t i e s  from  t h e  r e s i d u e  a t  3 5 0 °C 
and  a b o v e .
M o lq c u la r  w e ig h t  d a t a  i s  s c a r c e  f o r  e x t r a c t s  o t h e r  t h a n  
th o s e  o b t a i n e d  by p y r i d i n e  e x t r a c t i o n .  P y r i d i n e  e x t r a c t s  t e n d  
to  be c o l l o i d a l  i n  n a t u r e  and  m o l e c u l a r  w e ig h t s  i n  t h e  o r d e r  o f  
1000 h a v e  b e e n  d e t e r m in e d (  6) a l t h o u g h  K uzne tzov(H R ) q u o t e s  
v a l u e s  from  5&0 to  6 0 0 .
A sb u ry (  10*0 d e t e r m in e d  th e  m o l e c u l a r  w e ig h t  o f  t h e  e t h a n o l  
i n s o l u b l e  p o r t i o n  ( ^ G 0 % ) o f  t h e  e x t r a c t  o b t a i n e d  by  p r e s s u r e -  
b e n z e n e  e x t r a c t i o n  an d  s t a t e d  i t  t o  be l e s s  t h a n  6f>0 w h ich  i s  
o n ly  s l i g h t l y  h i g h e r  t h a n  t h e  v a l u e  ( 5 2 0 ) o b t a i n e d  f o r  e x t r a c t  
from  g a s  e x t r a c t i o n  a t  330°C . . .
H o ld en  and  Robb(11 3 ) (  11*0 vacuum p y r o l i s e d  c o a l  i n  a  m ass  
s p e c t r o m e t e r  and  n o te d  t h a t  t h e  m a t e r i a l  p ro d u c e d  above  300°C 
had  a  m o l e c u l a r  w e ig h t  i n  t h e  r a n g e  *f50  to  6*f0 w h ich  i n c r e a s e d  
w i t h  t h e  r a n k  o f  t h e  c o a l .  T h i s  i n c r e a s e  was a l s o  n o t e d  i n  
8 . 3 . 2 . 5 .
9 .  CONCLUSIONS
A c o n s i d e r a b l e  p r o p o r t i o n  o f  low  m o l e c u l a r  w e ig h t  c o a l  
d e r i v e d  m a t e r i a l  i s  s o l u b l e  i n  a  r a n g e  o f  s u p e r c r i t i c a l  o r g a n i c  
s o l v e n t s .  The d e g re e  o f  e x t r a c t i o n  i s  l i m i t e d  to  a l a r g e  e x t e n t  
by  t h e  m o l e c u l a r  w e ig h t  o f  t h e  s u b s t r a t e  and  i n d i v i d u a l  c o m p o n en ts  
a r e  l a r g e l y  e x t r a c t e d  a c c o r d i n g  to  t h e i r  b o i l i n g  p o i n t s .  H ig h e r  
m o l e c u l a r  w e ig h t  m a t e r i a l s  r e q u i r e d  h i g h e r  e x t r a c t i o n  t e m p e r a t u r e s  
a t  w h ich  t h e y  p o s s e s s  h i g h e r  s a t u r a t e d  v a p o u r  p r e s s u r e s  w h ich  
can  be e x p l o i t e d  u s i n g  t h e  s o l v e n t  pow er o f  t h e  c o m p re ss e d  g a s .
The g a s  p h a s e  c o n c e n t r a t i o n  o f  d i s s o l v e d  m a t e r i a l  i n c r e a s e d  
w i t h  s y s te m  p r e s s u r e  and  i t  i s  s u g g e s t e d  t h a t  a  s im p le  r e l a t i o n ­
s h i p  e x i s t s  b e tw e e n  g a s  p h a s e  c o n c e n t r a t i o n  and  g a s  p h a s e  d e n s i t y .  
O ver 50% o f  a  h ig h  t e m p e r a t u r e  coke  oven  t a r  c a n  be  ’ d i s t i l l e d 1 
a t  t e m p e r a t u r e s  b e lo w  100°C i n  an  a tm o s p h e re  o f  c o m p re sse d  
e t h y l e n e  and  t h e  r e s i d u e  from s u c h  an  e x t r a c t i o n  can  be f u r t h e r  
f r a c t i o n a t e d  u s i n g  a  s o l v e n t  w i th  a  h i g h e r  c r i t i c a l  t e m p e r a t u r e ,  
e . g .  a c e t o n e .  However^ t h e  t e c h n i q u e  d id  n o t  p o s s e s s  s i g n i f i c a n t  
a d v a n t a g e s  o v e r  c o n v e n t i o n a l  d i s t i l l a t i o n  o r  s o l v e n t  e x t r a c t i o n  
H igh  e x t r a c t i o n  t e m p e r a t u r e s  i n  e x c e s s  o f  300°C h av e  t o  
be  u s e d  f o r  t h e  d i r e c t  e x t r a c t i o n  o f  c o a l  i n  o r d e r  t o  e f f e c t  
t h e  t h e r m a l  d e p o l y m e r i s a t i o n  r e q u i r e d  to  p ro d u c e  r e l a t i v e l y  low
J
m o l e c u l a r  w e ig h t  m a t e r i a l ,  and i n c r e a s e d  t e m p e r a t u r e  i n c r e a s e s  
t h e  y i e l d  o f  t h e  b y - p r o d u c t s ,  g a s  and  w a t e r .
Gas e x t r a c t i o n  o f  c o a l  i s  t h e r e f o r e  low  t e m p e r a t u r e
I
c a r b o n i s a t i o n  i n  t h e  p r e s e n c e  o f  a  s o l v e n t  g a s .  I t  i s  a n a l o g o u s  
t o  b o th  vacuum d i s t i l l a t i o n  and  s te a m  d i s t i l l a t i o n  s i n c e  a l l  t h e s e
t e c h n i q u e s  e f f e c t i v e l y  i n c r e a s e  t h e  v o l a t i l i t y  o f  t h e  
d e p o ly m e r i s e d  m a t e r i a l  a n d ,  a s  a  r e s u l t ,  t h e  p r o d u c t s  o f  a l l  
t h r e e  t e c h n i q u e s  a r e  s i m i l a r  i n  c o m p o s i t i o n .
The t a r  y i e l d s  o b t a i n e d  w ere  h i g h e r  th a n  t h o s e  o b t a i n e d  
u s i n g  any  o t h e r  c a r b o n i s a t i o n  t e c h n i q u e .  T hese  y i e l d s  w ere  
a c c o m p a n ie d  by  e x t r e m e l y  low y i e l d s  o f  g a s  and  w a te r  such, t h a t  
a  h ig h  p e r c e n t a g e  o f  t h e  c o a l  i s  r e c o v e r e d  a s  u s e f u l  s o l i d  and  
l i q u i d  p r o d u c t s .  S im p le  g r a v i t y  s e p a r a t i o n  o f  s o l i d  an d  f l u i d  
p h a s e s  r e s u l t e d  i n  e x t r a c t s  w i th  v e r y  low a s h  c o n t e n t s  and  t h i s  
i l l u s t r a t e s  t h a t  t h e  t e c h n i q u e  o f f e r s  a  way to  overcom e t h e  
t r o u b le s o m e  f i l t r a t i o n  s t a g e  w h ich  i s  an  e s s e n t i a l  p a r t  o f  t h e  
l i q u i d  s o l v e n t  e x t r a c t i o n  p r o c e s s e s .
The y i e l d  o f  e x t r a c t  o b t a i n e d  u t i l i s i n g  t h e r m a l  d e p o l y m e r i s a t i o n  
o f  t h e  c o a l  i s  l e s s  t h a n  t h a t  o b t a i n e d  by s o l v e n t  e x t r a c t i o n  
u s i n g  a . h e a v y  c o a l  b a s e d  o i l .  H ow ever, i t  was shown t h a t ,  by  u s i n g  
a  more p o w e r f u l  d e p o l y m e r i s a t i o n  p r o c e s s ,  h y d r o g e n a t i o n  u s i n g  a  
h y d ro g e n  d o n o r  s o l v e n t ,  t h e  y i e l d  c o u l d  be  s i g n i f i c a n t l y  i n c r e a s e d .  
T h e r e f o r e  t h e r e  i s  a  p o s s i b i l i t y  t h a t ,  u s i n g  a  c o m b in a t i o n  o f  
c a t a l y t i c  h y d r o g e n a t i o n  and  im p ro v e d  s o l i d / f l u i d  c o n t a c t i n g ,  t h e  
y i e l d s  o f  e x t r a c t  c o u ld  a p p ro a c h  t h o s e  o b t a i n e d  by  s o l v e n t  
e x t r a c t i o n  p r o c e s s i n g .  .
The r e l a t i v e l y  h ig h  o p e r a t i n g  p r e s s u r e  w ou ld  r e s u l t  i n  
i n c r e a s e d  eq u ip m en t  c o s t s  a l t h o u g h  t h e s e  w ould  be  o f f s e t  by  t h e  
s a v i n g s  i n  t h e  i n s t a l l a t i o n  and  o p e r a t i o n  o f  an  e s s e n t i a l l y  m ore 
r e l i a b l e  e x t r a c t  r e c o v e r y  s y s te m ,  w h ich  c o u ld  p r o d u c e  an  e x t r a c t  
w i th  a  lo w e r  a s h  co n te n t©
EXPERIMENTAL AND CALCULATED RESULTS 
Ta b le  5» Approach to  E q u i l ib r iu m  a t  2250 p . s . i . g .  and 25°C
Time (h r s ) Mole % N aphthalene i n  Gas Phase
0 .5 0 .1 0
6 .0 0 .67
2 5 .0 1 . 0*+
5 0 .0 1°37
8o.o 1o73
100 .0 . 1.7*+
T able  6 . E q u i l ib r iu m  D ata  -  N a p h th a len e /E th y le n e  System
P re s s u re
p . s . i . g . Temp. °C
Concn. N aphtha lene  i n  Gas Phase 
Mole °/o , G /L i t r e
D e v ia t io n  from D ata  
i n  l i t e r a t u r e  %
A B
2250 25 1.7*1- 2 6 .*+ + 0 .6  + 1 . 8
3300 25 2.3*f *+2.*+ + 1 .3  + 0.*+
2120 *+5 2 .6 9  *+0.6 - 8 .8  - 2 5 .5
3100 **-5 5 .6 5  6 1 .0 -3.*+ - 1 2 .5  -
A D a ta  o f  D iep en  and  S c h e f f e r  (1*+)
B D a ta  o f  T s e k e n s k a y a ,  I o m te r  and  M uskina (9*0
T able  7 •  T y p ic a l  Approach to  E q u i l ib r iu m .  Coal T a r /E th y le n e  System
a t  75°C 3000 p . s . i . g .
Run
No.
Gas Phase 
g / l
Concn. o f  Tar 
wt °/o
Degree o f  S t r ip p i n g  
o f  t a r  wt %
Time
(h r )
4o 19.0 6.1 6 o5 24
41 2 5 .2 7-5 7 .6 48
42 2 8 .0 8.1 8 .7 72
43 2 5 .9 8 .0 8 .7 96
T able  8 . E q u i l ib r iu m  Dat a  -  Coal T a r /E th y le n e  System
r e s s u r e
• S . 1 .  g .
Temp
°C
Gas Phase 
• g / l
Concn. o f  Tar
wt °/o
Degree o f  S t r ip p i n g
wt °/o
Gas Phase D e n s i ty  
g /c c
1500 . 25 10*3 3 .3 25*8 0 .3 2
1500 • 25 5 .8 1 .8 2 5 .8 0 .3 3
1500 25 ' 0 .3 0.1 ■ 3 6 .7 0 .3 2
5000 25 3 1 .0 8 .3 9 .4 O.38
3000 25 1 6 .2 4 .1  ■ 27 .8 0 .3 9
3000 25 3 .0 0 .8 4 9 .2 0 .3 9
4500 25 3 4 .0 8 .0 2 0 .6 0 .4 3
4500 25 2 3 .3 5 .5 3 2 .6 0 .4 2
4500 25 17 .4 - 4 0 .9 0 .4 2
4500 25 7 .6 1 .8 4 9 .9 0 .4 2
3000 50 2 8 .0 8„2 9*4 0 .3 4
3000 50 14 .9 4 . 2 260 9 O o3 6
3000 50 9 .0 2 .6 3 4 .2 0 .3 5
3000 50 2 .8 0 .8 4 9 .2 0 .3 4
3000 75 280O 8 .1 8 .7 0 .3 2
3000 75 10 .8 3 .6 25 .5 0 .3 0
3000 75 2 .5 0 .9 48 .8 0 .2 9
3000 100 19 .0 6 .7 13 .3 0 .2 8
3000 100 9 .7 3 .5 2 4 .7 0 .2 8
3000 100 6 .4 2 .3 3 6 .8 0 .2 8
3000 100 2 .2 0 .8 4 8 .7  • 0 .2 7
/
T able 9 .  A n a ly ses  o f  Avenue Tar F r a c t io n s  by G .L.C .
■
°/o S t r i p p i n g  o f  Tar
*
Wt % o f  Component i n  
A ' B C D
E x t r a c te d  F r a c t i o n  
E F G
8 .7 39 13 6 7 2 1 —
32 10 b k 1 1 -
2^o7 23 8 7 11 3 b -
2 6 .9 21 10 8 12 3 2 -
3 ^ .2 7 3 3 12 6 5 b
^0 .9 1 - 2 7 3 k b
b S .7 - - 3 16 13 10 11
^ 9 .9 — — 2 16 16 13 ' 16
Key to  components: A -  N aphtha lene
B M ethy l-N aph tha lenes  
C F lu o ren e
D -  Pherianthrene p lu s  A nthracene 
E F lu o ran th en e  
F -  Pyrene 
G -  C h ry sen e
Table  HO, Comparsion o f  D i s t i l l a t i o n  Ranges
Tem perature % D i s t i l l e d
°C A B
200 2 5 .6  .
300 3 2 o0 '  ^7o5
360 5 1 .5 53-8
A Avenue Coal Tar
B Khadyzhenskaya P e tro leum  R esidue
T able  11, Comparison o f  Gas Phase C o n c e n t ra t io n s
System P re s s u rep . s . i . g . Reduced Tempo
Gas Phase 
Concn wt %
Degree 
S t r i p p i n g  wt %
Avenue Tar -
°A • 1300 1 .0 6
5 o8 12
Khadyzhenskaya 
P e tro leum  R esidue -
C°2
1300 1 .03 5 . 7 . " 12
Avenue Tar -
°A; 3000 1 .0 6 7 .0 . 3 0
Khadyzhenskaya 
P e tro leum  R esidue -
■c°2
3000 1 .0 3 10 .2 30
T able 12. Gas Phase C o n cen tra tio n s  a s  a F u n ction
Gas D en s i ty
System
Tem perature
°C
P re s s u re  
, p . s . i . g .
D en s i ty
g /c c
C2
g / l i t r e
lo g  C2
N a p th a le n e / 29 880 0 .1 4 0 o6 T.740
E th y len e
(9 4 )
1090 0 o22 4 .0 0 .602
1179 0„29 8 .9 0 .919
1929 0 .9 2 12o 6 1 .1 0 0
1840 Oo97 2 9 .6 1.979
9990 0 o44 47 .8 1 .679
4410 0 .49 9 7 .0  ; 1.796"
' p - io d o c h lo ro b e n z e n e / 29 490 0 .0 9 0 .0 9 2 .477
E th y len e
(9 6 )
600 0 .0 6 0 .0 9 2 .6 9 9
679 O0O7 O0O8 2 .9 0 9
790 0 .08 0 .1 9 T .1 7 6
899 0 .1 2 0.91 To 491
900 0 .1 9 1 .08 O.099
970 0 .18 2 ,9 9 0 .467
no4o 0 .2 9 8 .6 9 0 .940
1190 0 .2 9 21o96 1 .929
1209 0.91 29 .90 1 .470
Coal T a r /E th y le n e 29 1900 0 .9 4 6 .0 0 .778
9000 0 .42 1 7 .7 1.248
4900 0 o46 9 0 .0 1 .479  
..................
\
'T able 13. .  E x tr a c t io n  o f  C oal E x tr a c t  w ith  T etrahydrofu ran
Temp
°C
P re s s u re
p . s . i . g .
Minimum 
R esidence  Time 
Mins
No. o f  
Samples .
Gas Phase Concn 
o f  E x t r a c t  wt %
Degree o f  
S t r ip p i n g  %
291 1300 5 2 • 7 .2 6 7 .2
291 1500 60 - 9 7 .0 66 .9
300 . 1300 30 2 6.1 7 0 .2
286 1100 30 2 6 .0 6 7 .0
298 900 30 1 3 .5 54 .8
293 900 30 1 2 .7 7 2 .5
290 1500 30 2 1 .7 91 .2
291 1300 30 2 1 .5 9 4 .2
296 1160 60 2 1 .3 9 7 .0
•Table  1 4 .  E x t r a c t i o n  o f  C o a l .E x t r a c t  w i th  Toluene
Temp
°C
P re s s u re  
.p . s . i . g .
Minimum 
R esidence  Time 
Mins
No. o f  
Samples
Gas Phase Concn 
o f  E x t r a c t  wt %
Degree o f  
S t r i p p i n g  %
340 700 30 2 3 .2 15 .3
345 900 30 2 4 .5 4 1 .3
342 1100 30 3 3 .9 4-5.1
338 1300 30 6 3 .3 4 7 .3
339 1500 30 4 3 .1 5 1 .3
339 1300 30 4 2 .7 4 8 .7
346 1100 30 3 2 .4 4 7 .0
342 700 30 2 0 .9 5 1 .6
345 900 30 4 1 .0 5606
342 1100 30 5 0 .8 57.1
'342 1300 30 4 0 .8 5 9 .2
342 1500 30 5 0 .7 59 0 7 -
T able 15* E x tr a c t io n  o f  Markham Coal w ith  T etrahydrofu ran
Temp
°C
P re s s u re
p . s . i . g .
Minimum 
R esidence  tim e 
mins
N o . ' o f  
Samples
Gas Phase  Concn 
o f  E x t r a c t  wt %
Degree o f  
S t r i p p i n g  %
300 1275 90 2 0 .3 4 2 .4
360 1520 120 .  2 1o17 7 .0
359 1500 80 1 0.81 7 .7
358 1500 10 0 .2 2 -
358 1500 22 1 0 .2 2 -
359 1500 33 0 .3 3 —
357 1500 44 0 .3 9 -
361 1500 90 0.41 9 .2
360 1500 130 3 0.21 ’ 19o4
358 1500 185 3 0 .1 2 2 2 .6
Table  16, E x t r a c t i o n  o f  Coal Tar P i t c h  With Acetone
Temp
0c
P re s s u re
p . s . i . g .
Minimum 
R es idence  tim e 
mins
No. o f  
Samples
Gas Phase Concn 
o f  E x t r a c t  wt %
Degree o f  
S t r i p p i n g  %
251 1500 70 2 4 d 2 6 .5
253 1570 60 2 4 .2 2 8 .4
252 1500 10 1 1 .9
250 1500 20 2 o0 -
250 1500 52 1 2 .2 -
251 1500 90 2 .2 -
250 1500 220 2 .0 3 2 .4
252 1500 75 3 1 .0 4 0 .5
249 1500 60 3 0 .2 4 8 .0
250 1500 120 3 . 0 . 1 .............. 58 c3
T able 17 > C a lc u la te d  Gas D e n s i t i e s  a s  F u n ctio n s  o f  P r e ssu re
S o lv e n t Tem perature
°C
Reduced
T em perature
P re s s u re
p . s . i . g .
D e n s i ty
g /c c
T .H .F . 295 1 .05 500 0 .0 7
700 0 .1 2
900 . 0 .2 0
1000 0 .2 9
1100 0 .3 6
1300 0 .4 3
1500 0 .48
Toluene 340 1o04 500 0 .0 9
700 0 .21
800 0.31
900 0 .4 2
1100 0 .4 6
1300 0 .4 9
1500 0 .5 0
T able 18. C a lc u la te d  and Measured Gas D e n s i t i e s  a s
F u n c t io n s  o f  P r e s s u re
System Tem perature
°C
Reduced 
Tem perature 
o f  S o lv e n t
P re s s u re
p . s . i . g .
'
C a lc u la te d  
D en s i ty  
o f  Pure 
S o lv e n t  
g /c c
f—; -----
Measured 
D e n s i ty  
o f  Gas 
S o lu t io n  
g /c c
C oal/T .H .Fe 360 1.15 bO O 0 .C&6 0.0 3 0
k 30 - 0*030
600 0 .073 -
630 — O0O8 I
/ 800 0 .0 6 -(.
860 - 0 .119
1000 0 . 1*f8 -
1070 0 .169
1200 0 .202 -
1300 ' -  . 0 .233
i t a ) 0 .27^ -
1300 - 0 .3 1 0
1600 0 .327 -
1730 - 0 .382
P i tc h /A c e to n e 250 1 .03 380 0 .033
570 0 .083 -
6^0 -  . 0.151
770 0.181 -  ,
810 -  . 0.291
870 0.321 -
1C&0 - 0 .5 1 0
1230 - 0 .537
1300 - 0 .577
T able 19» Mass B alan ce D ata -  U n it  Two
System Chargeg
E x t r a c t
g
R esidue
g
Recovery
.%
C oal E x t ra c t /T o lu e n e 8 .5 8 6 .3 0 9 6 .5
Coal E x t ra c t /T .H e F . 17.^0 13*97 3 .6 6 112.8
Markham C o a l/T .H .F . 20 .36 4 .6 2 ' . 19*35 118 .0
P itc h /A c e to n e 29*97 17 .32 11*23 9 5 .0
T able 2 0 . A n a ly se s  o f  Feed M a te r ia ls  and P rod u cts
Coal
E x t r a c t
M a te r i a l
R esidue
from
Toluene
E x t r a c t i o n
R esidue
from
T.H.F .
E x t r a c t i o n
Markham
Coal
R esidue
from
T.H .F .
E x t r a c t i o n
P i t c h
R esidue
from
Acetone
E x t r a c t i o n
t im a te
le m e n ta l
n a ly s e s
i s t u r e  a . r ,  
h a . r *
f t e n i n g ■ 
P o in t  °C 
i n o l i n e  
I n s o lu b le  % 
lu e n e
I n s o lu b le  % 
H.Fo
I n s o lu b le  % 
e tone
I n s o lu b le  %
. 0 .4  
0 .3
86.2
5 . 9
5 .3
1.8
0 .75
225
1.6
Mf.O
3*0
3 7 .0
> 3 0 0
■3.1
960O
>300
6 .5
15 .0
3 .6
8 2 .9
5*4
8.8
1.8
0 .3 0
8 4 .5
7*5
6.2
I d
0.6
0 .3
0.0
9 1 .9
4 .7
1 .5
1 .3  
0 .7
82
3 .4
3 1 .7
1.1
0 .5
9 1 .8
4 .2
2.0
1 .1
1 . 0
■200
11 .7
92*9
T able 2 1 . Coking V a lu es o f  P itc h  F r a c t io n s
F r a c t i o n
Number
Range o f  S t r i p p i n g  C orrespond ing  
to  th e  F r a c t i o n
Coking V alue
Whole P i t c h 0 -  100 ^ 9 .7
1 0 - 2 8 22 .*f
2 3 h  -  36 2 3 .7
3 39 -  VI 26o9
h h z  -  h 6 2 7 .7
3 ' ; 1*7 - 2 7 .6
6 ^ 9 - 3 6 3 3 .2
7 : 9 8 - 6 1 h jo h
R esidue 61 -  100 8 3 .2
T able 2 2 . O p eratin g  C o n d itio n s  and Y ie ld s
»lvent E x t r a c t i o nNo.
P re s s u re
a t
Let-Down
p . s . i . g .
Tem perature
°c
Cum ulative 
Y ie ld  
E x t r a c t  
°/o d . c .
Y ie ld  
Residue 
°/o d . c .
Gone e n t r a t i o n  
E x t r a c t  
i n  S o lv e n t  
*  W/w
etone 1 1V10 270 10.2 2.1
2 'ihOO 263 1606 — 1.3
3 'ihoo 263 20.2 - 0.7
h 1330 263 22.3 67.O . 0.3
H.F. 1 830 313 13o3 _ 2 o8
2 1000 296 23.6 - 1.9
3 1300 293 29.7 - 1d
h 1220 293 3^.0 .37 . 1 ' 0.8
lu e n e 1 1160 3^5 20.8 . — 3 .8
2 1200 350 30.0 -  .. 1.6
3 . 1230 3^3 . 3^.0 0.7
h 1230 . 330 360^ 30.7 o.h
T able 2 3 . Mass B alance -  U n it Three
S o lv e n t Acetone T .H.F . Toluene
A. Coal B alance -  D ig e s t io n  S tage
Dry c o a l  in ,  g 962 9^9 9^9
D ig e s t  o u t ,  g 1038 102V 953
T e t r a l i n  i n  d i g e s t  ( g . l . c . ) ,  g 118 122 83
Coal i n  d i g e s t ,  g 920 902 870
Water o f  r e a c t i o n ,  g 22 9 2 k
Gas + l o s s e s ,  g 20 38 55
Gas + l o s s e s ,  % 2.1 ^-.0 5 .8
B. Coal B alance E x t r a c t i o n  S tage
Coal i n  d i g e s t ,  g 920 902 870
E x t r a c t s ,  g 213 323 3^5
R es id u e ,  g ; 6Vf 531 if8 l
L o sse s ,  g 61 28 h k
L o sses ,  % 6 .6 3 d 5 .1
C. T e t r a l i n  Balance
T e t r a l i n  i n ,  g 3000 3000 3000
T e t r a l i n  s p e c i e s * d i s t i l l e d  o f f ,  g • 28^9 2896 . 2921
T e t r a l i n  sp ec ie s*  i n  gas  s o l v e n t , g 119 122 83
L o sses ,  g 32 -18 -6
L o sse s ,  °/o 1.1 - 0 .6 - 0 .2
D. Gas S o lv e n t  B alance
T o ta l  s o lv e n t  i n ,  g 21138
T o ta l  s o l u t i o n  condensed , g 213V7
E x t r a c t ,  g 323
W ater, g 122
Recovered s o lv e n t ,  g 21102
L o sse s ,  g 56
L o sse s ,  % 0 .3
* T h i s  i n c l u d e s  n a p h t h a l e n e  p ro d u c e d  d u r i n g  t h e  
h y d ro g e n  d o n o r  d i g e s t i o n .
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Table  25. P a r t i t i o n  C o e f f i c i e n t s  f o r  E x t r a c t i o n  o f  
Coal D ig e s t  -  U n it  Three
S o lv e n t  .. . E x t r a c t i o n  ' No.
' P a r t i t i o n  
C o e f f i c i e n t
Acetone 1 0 .0 9
2 0 .1 0
3 0 .0 9
k 0 .0 9
T.H .F . 1 0 .0 5
2 0 .0 5
3 0 .05
k 0 .05
Toluene 1 0.11
2 0.11
3 0 .1 0
k 0o17
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Table 27. Analyses o f Coal and Products
Sample
Coal
1 s t  E x trac t  
2nd E x trac t  
Whole 
E x trac t  
Residue
Coal
1 s t  E x tra c t  
2nd E x trac t  
Whole 
E x trac t  
Residue
Coal
1s t  E x trac t  
2nd E x trac t  
Whole 
E x trac t  
Residue
Coal
1s t E x trac t  
2nd 'Extract 
Whole 
E x trac t  
Residue
Coal
1s t E x trac t  
2nd E x trac t 
Whole .i .
E x trad t
Residue!
Coal 
1st E x trac t  
2nd E x trac t 
Whole ! 
Extract! 
Residue !
Coal,
1 s t  E x trac t 
2nd E x trac t 
Whole | 
E x trac t  
Residue
V o la t i le  
M atter 
d « a .f•
C' H 0
% d.
N
a . f .
s Cl
° / H MolecularWeight
S often ing
P o in t
°C
58.5 83 .2 5.0 8.7 1.80 1.60 0.35 1.39 - -
- 83.2 6 .6 7.3 1.30 1.20 0.35 1.05 . 442 117
- 83.4 6.9 7.1 1.30 1.10 0 .20 1.01 340 95
- - - - - - 1 . 03* 390* -
28,1 85.1 4.6 7 .3 1.80 1.60 0.35 1 . 54- -• -
38.5 83.2 5 .0 8.7 1.80 1.60 0.35 1.39 - -
- 83.7 7.3 6.4 1.20 1.10 0.25 0.96 454 81
83.6 ■7.0 6.8 1.40 1.00 0 .30 1.00 371 92
- - - - - - 0 . 97* 419* -
25.4 85 .2 4.3 7.5 1.85 1.45 0.40 1 . 6 5 - — -
38.5 83 .2 ■5.0 8.7 1.80 1.60 0.35 1o39 - -
83 .2 7.4 6.5 1.30 1.30 0.30 0.94 400 71
- 84.5 7.1 6 .0 1.30 0.90 0.20 0.99 318 81
- - - - - - 0.97* 371 -
21 .0 86 .2 4.1 6 .5 1.90 . 1.30 o.4o 1.75: - -
38.5 83.2 5 .0 8.7 1.80 1.60 ' 0.35 1.39 - -
- 83.1 7.2 6 .6 1.20 1.20 0 .30 0.96 350 70
- 84.9 6.8 6 o1 1.20 0.90 0.20 ■1.04 395 75
- - - - - - 0 . 98* 360*
20.9 87 .3 3-9 5.8 1.90 1.30 0.45 1 . 8 7 - i ■ -
38.5 83.2 4.1 6.5 1.90 1.30 o.4o 1.75 - -
84.6 6 .8 6.1 1.40 0.90 0.15 1.04 301 . 51
85 .6 6 .5 4.8 1.30 0.90 0.95 1.10 295 48 '
. - -  . - - - 1 . 05* 301* -
. 20.5 88.9 3 .6 4.5 1.95 1.10 0.40 2 .06  •
«• -
'11.5 92.3 4.0 1.4 1.25 1.35 0.10 1-93 - -
_ - 87.7 6.1 3.1 1.15 1.50 0.15 1.20 551 -
88.1 5.7 2.1 1.40 1.73 0.85 1.29 N.A. —
- 87 . 8* 6 . 0* - - - 1 . 22* -
11.3 92.4- 3.9- 1 .4 1.25 1.25 0.05 1.98- - -
37.6 85-9 ■5.5' 5-7 1.70 1.15 0 .20 1.33 - -
; - 85-4 7-4 4.5 1.30 0.95 0.20 O.96 372 -
- 85.4 6.8 4.8 1.55 1.15 .0.25 1.05 4o6 * -
- 85.4* 7.2* - - - _ r 0.99* 384* -
18.0 88 .5  ■ 4.1 • 4.5 2.00 0.85 0.20 1 . 8 0 - - -  '
Continued
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Table 2 7 . (Continued)
Run
No. Sample
V o la t i le  
Matter 
d . a . f .
H 0
% d.£
N
u f .
s Cl V Molecular
Weight
Softening
P o in t
°c
5.2 7 .0 1.80 1x.23 0.35 1.36 _
7 .7 5 .2 1.15 0.90 0.09 0.92 383 -
7.1 3 . ° 1.40 1.00 0.11 1.00 421 . -
7.5* - - - -  . 0 . 94* 396* -
4.1 5 .2 1.90 0.90 0.50 1.79 - -
5 .2 8.2 1.85 1.95 0.43 1.34 — _
7 .4 6.2 1.35 1.23 0,30 0.94 333 -
7 .0 5 .8 1.35 1.20 0.09 1.01 380 -
7.3* - - - - 0 . 96* 349* -  '
4.1 5 .6 2.00 1.45 0.55 1.76 - -
5.1 10.2 1.90 O.63 0.30 1.34 — _
7.5 7.2 1.35 0.60 0.20 0.92 342 -
6.7 6.4 1.50 0.63 1.10 1.03 461 -
7.3* - r - - 0.95* 361* -
4 .0 6.6 2 .O3 0.50 0.35 1.80 - -
5 .3 8.3 1.85 1.43 0.40 1.31 _ _
7.4 6.8 1.20 1.10 0.30 0.94 330 - 52
6.8 6.0 1.30 0.90 0.20 1.04 377 68
7.3* ‘ - - - 0.95* 340* -
3.8 5.8 1.90 1.20 0.43 1.92 - -
5 .3 8 .3 1.85 1.45 0.40 1.31 _
6.9 5.8 1.40 0.80 0.23 1.02 366 80
6.2 5.4 1.35 0.75 O.65 1.15 426 80
6.7* - - - - 1 . 06* 380* -
3 .6 4.5 1.90 1.10 0.43 2.05- -
5*3 8.3 1.85 1.45 0.40 1.31 _ -
7.2 7.3 2.75 2.90 1.15 P o91 352 -
6.6 6.1 4.80 2.20 2.95 0.98 442 -
7.1* - - - 0 . 92* 366*
3.7 4.6 3 .3 1.05 0.19 1.97 - -
20
21
22
27
28
30
Coal '
1 s t  E x trac t  
2nd E x trac t  
Whole 
E x trac t  
Residue
Coal
1s t E x trac t  
2nd E x trac t  
Whole 
E x trac t 
Residue
Coal
1s t E x trac t  
2nd E x trac t  
Whole 
E x trac t  
Residue
Coal
1 s t  E x trac t  
2nd E x trac t  
Whole 
E x trac t 
Residue
Coal
1s t  E x trac t  
2nd E x trac t 
Whole 
E x trac t  
Residue
Coal
1s t E x trac t  
2nd E x trac t  
Whole 
E x trac t 
Residue
38.3
19.7
41.2
20 .1
40.1
20.8
37.5
18.3
37.5
16.2
37.5
18.1
84.7
84.8  
85.2
84.9*
87.8
83.3
83.4
84.5
83.7*
86.8
82.0
83.0
84.5
83 .3+
86.6
83.0
83.2  
84.8
83.5*
87.5
83.0  
84.7
83.6
84.9*
88.6
83.0  
78.6
77.3
78.3*
87.3
* Calcula ted  Values. 
N.A.  Not A vailable .
T able 2 8 . E x h a u stiv e  E x tr a c t io n  o f  Markham Coal
C oal: -72  mesh B .S .S .  Markham (C.R.C. 802) 800g charge
S o lv e n t :  Toluene
R esidence  Time: 30 m inu tes  w i th  s t i r r i n g ,  15 m inu tes  s e t t l i n g
Run
No.
Coal
Sample
No.
E x t r a c t i o n
No.
P re s s u re
p . s . i . g .
Temp
°C
Cum ulative 
Y ie ld  
E x t r a c t  
% d . a . f .
Cum ulative 
Y ie ld  
W^.ter 
% d . a . f .
Cum ulative  
Y ie ld  
Gas 
°/o d . a . f .
31 17 ' 1 1530 333 7 .3 1 .0 0 .7
I 2 1500 333 11 .7 1 .3 1.1
i 3 1^00 330 1^ .0 1 .6 1 .1
h 1 -^80 333 1 5 .^ 1 .7 1.1
3 1250 335 1 6 .2 1 .7 1.1
32 17 1 15^0 352 11 .2 1 .3 1 .0
2 1*f00 353 15.7 1 .8 1 .3
3 1350 350 17o5 2 .0 1o*f
h 1V10 353 18 . if 2 .0 1 A
33 18 1 1600 . 381 11 .6 2 .3 l.*f
2 1500 383 1 5 d 2 .8 2 .0
3 1 k o o 379 16<A 3.1 2 .3
V 1380 385 17.1 3 .2 2 .h
Table 2 9 . A n a ly s is  o f  P rod u cts o f  E x h a u stiv e  E x tr a c t io n s
Run
No.
31
32
33
Sample C H 0 N S Cl C/H M olecu larWeight
S o f te n in g
P o in t
°C
Coal 8 2 .3 3 .0 9 .3 1 .90 1 .55 0 . 3 4 ' 1 .37 __
1 s t  E x t r a c t 83 .4 7 .0 7 .4 1 .35 0 .95 0 .3 4 0 .99 495 -
2nd E x t r a c t 83 .8 6 .7 6 .9 1 .35 9 .95 0 .26 1 .04 487
3 rd  E x t r a c t 8*1.2 6 .3 6 .6 1 .45 0 .95 0 .3 9 1.08 486 -
4 th  E x t r a c t 8 4 .9 6 .3 6 .0 1 .45 0 .9 0 0 .1 6 1 .09 544 -
3 th  E x t r a c t 8 4 .3 6 .3 6 .3 1o45 O.85 0 .5 0 1o09 - -
Whole
E x t r a c t 83 . 8* 6.8* - - - - 1 . 03* 516* -
R esidue 83 .8 4 .0 7 .4 1 .8 5 1.15 0.41 1 .78 - —  ■
Coal 83 .8 4 .0 7 .4 1 .85 1 d 5 0.41 1 .78 —
1 s t  E x t r a c t 83 .8 6 o7 6 .9 1 .30 1 .10 0 .22 1 .04 314 42
2nd E x t r a c t 84 .2 6 .9 6 .3 1 .35 1 .10 0 .18 1 .02 395 59
3 rd  E x t r a c t 83 .3 6 .3 5 .8 1 .35 0 .85 0 .2 6 1 .10 305 56
4 t h  E x t r a c t 8 7 .2 6 .7 4 o3 1 .10 0 .7 0 0 .2 6 1 .09 320 30
Whole
E x t r a c t 84.2* 6 . 7* - - -
- 1 . 05* 333* -
R esidue 8 6 .7 3 .8 6 .3 1 .95 1o10 0 .42 1 .90  ■ -  * : -
Coal 8 2 .6 3 .0 9o2 1 .8 0 1 .5 0 0 .36 1 .38 _ —
1 s t  E x t r a c t 8 3 .0 7 .2 6 .5 1 .40 0 .8 0 0 .8 0 0 .9 6 334 40
2nd E x t r a c t 84 .3 6 ,8 5 .6 1 .35 0 .7 0 0 .9 0 1 .04 457 50
3 rd  E x t r a c t 8 6 .9 3o9 4 .3 1 .50 0 .7 0 0 .55 1 .23 290 34
4 th  E x t r a c t 88 .7 606 2 .7 0 o95 0 .7 0 0 .5 0 1 .12 288 43
Whole
E x t r a c t 83.9* 6.9* - - -
- 1 o 01 * 355* -
R esidue 8 8 .2 3 .7 3 .0 1 .95 1 .10 0 .3 6 1.99
* C a l c u l a t e d  V a lu e s
T able 3Q» Mass B a la n ces f o r  E x h a u stiv e  E x tr a c t io n
(S ee  F ig u r e  3 6 )
E x t r a c t i o n  Tem perature
°c 330°C 350°C 38o°C
%
g dry
%
g dry
%
g d ry
b a s i s b a s i s b a s i s
A. T o ta l  Toluene l o s s e s  Lm
n
E x t r a c t i o n  1 -11 “9 -12
2 7 9 lif
' 3 7 -2 22
- k 16 9 15
5 15 - -
O v e ra l l 3k 0*12 7 0*03 39 0*22
B. T o ta l  Coal L osses
n
E x t r a c t i o n  T 29 29 M
2 -9 -3 -1if
3 2 -5 -13
if • 0 -5 -12
3 -if - ' -
O v e ra l l 18 2 #if 16 2*2 2 0*3
C. Losses  on E x t r a c t i o n  L^
n
E x t r a c t i o n  1 1 6 9
2 0 if -6
3 7 -3 -3
if 7 -1 0
3 if - -
O v e ra l l 19 0*06 6 0*03 0 0
D. L osses  on D i s t i l l a t i o n  L^
n .
E x t r a c t i o n  1 17 1if 20
2 -2 2 6
3 2 , -if 12
k 9 5 3
3 7 - -
O v e ra l l 33 0*12 17 0*08 if1 0*23
Table 3 1 .  Gas Y ie ld s
E x t r a c t i o n
te m p e ra tu re
°C
Gas y i e l d  cc /100  g d . a . f o  
h2 CH^ CO
c o a l  
. C°2
330 0 296 B6 If 18
350 179 535 97 VlO
/ 380 692 1368 155 613
Table 3 2 .  Proxim ate A n a ly ses  o f  C oa ls  Used
Sample
No.
M ois tu re
% 
a .  r .
Ash 
a .  r .
V o l a t i l e  M at te r  
Less  M o i s tu r e ’
F ixed  
Carbon %
V o l a t i l e  
M a t t e r  
% d . a cf .
1 8 . 7 3 . 3 3 3 . 4 53o6 39.1
2 7.1 3 . 6 3 ^ .0 55-3 38.1
3 7 . 9 3 . 6 33 .9 5 ^ .6 3 8 .3
k 8 . 3 3 . 6 33 .3 5 4 8 3 7 .8
3 7 - 6 3 . 6 3 ^ .2 5 4 6 3 8 .5
6 7 .3 3 . 6 - - -
7 8 o3 3 . 6 3 3 .3 5 4 8 3 7 .8
8 0 .8 3  A 1 1 .0 84 .8 1 1 .5
9 1 .8 2 .2 36.1 59 .9 3 7 .6  .
10 ^ . 3 ^•5 3 ^ .9 5 6 .3 3 8 .3
11 7 . 6 ^•3 3 6 .3 51 .8 V1.2
12 12.7 4.1 3 3 . ^  ' 49 .8 ifO.1
13 8 .0 3 .5 3 3 .2 55 »3 3 7 .5
1*f 5 . ^ 3 . 3 3 ^ .5 56.1 3 7 .8
15 8 .0 3 . 5 3 3 .2 55 .3 3 7 .5
16 7 .7 3 . 6 3 3 .2 55 .5 3 7 . ^
17 7 . 6 3 . 5 - - -
18 7 . 9 3 . 6 - - -
Table 33 .  E f f e c t  o f  Removal o f  A ir  and Water
Run
No.
Coal
Sample
No.
P r e s s u r e
p . s . i . g .
Water
p r e s e n t*
s
Mole % 
w ate r  i n  
gas  phase
L i t r e s  Toluene 
removed a t  120°C
E x t r a c t  Y ie l d  
% d . a . f .
1 1 1630 116 12.9 0 1 ^ .3
.2 2 1580 83 9 .6 0 12 .7
3 2 1510 83 9 .3 0 12 .7
V 3 1300 77 8 . 9 0 12 .3
3 3 1^30 63 7 .5 137.7 1 3 o2
6 3 1^20 ^3 3 . 2 73.1 12 .6
7 k - 23 3*1 3 67 .0 1 3 .0
8 k ■ 13^0 16 2.1 3 8^ .3 13<>3
* At commencement o f  d e p r e s s u r i s a t i o n
Table 34. Gray-King A ssays  o f  Markham Coal
Temperature °C Coke 
% d ry  c o a l
Tar 
% dry  c o a l
L iquor  
% dry  co a l
Gas 
% dry  c o a l
330°c 97 .3 2 . 3 0.1 -
6oo°c 71 .4 13 .2 5.1 7 . 9
900°c 65 .7 14 .4 6 .6 12 .4
Tab le 33. Y ie ld  o f  E x t r a c t  a t  330°0
Type o f  E x t r a c t i o n Y ie l d  °/o d . a . f .  *
Gray-King Assay 2 o 4
P r e s s u r e  Benzene (104) 18.8
Gas E x t r a c t i o n 18 o 4  •
P y r i d i n e  (115°C) ( 1 0 2 ) 20 .9
* From low rank  c o a l  -  ca rbon c o n t e n t  8 3 - 85^  d . a . f .
Table 3 6 .  V a r ia t io n  o f  Y ie ld  w ith  S o lv e n t-C o a l  R a t io ,  380°C
Run
No.
Y ie ld  
% d . a . f .
S o lv en t
Coal
Cone. E x t r a c t  
i n  Gas %
P a r t i t i o n
C o e f f i c i e n t
23 9 . 0 2o3 3 . k 7 0 .27
9 1 1 .8 3 .3 2 .07 0.21
2 k 1*K*f 10 .9 1.27 0.21
26 17 .1 3 8 .6 0 . ¥ f -
23 1 9 . 3 3 0 .0 0.31 -
Table- 37. P a r t i t i o n  C o e f f i c i e n t s  f o r  E x h a u s t iv e  E x t r a c t i o n s
Tempera ture
°C
E x t r a c t i o n
No.
P a r t i t i o n
C o e f f i c i e n t
350 1 0 .17
2 0 .1 6
3 0 .1 3
380 1 0 .2 7
2 0.11
........... 3 - • - ......... 0 .0 6
Table 38. Comparison o f  P roducts
Type o f  
E x t r a c t i o n P ro d u c t
Y ie ld  
% d . a . f ,
H 0
7 ,H ° /  * ( /' H  * V YJ Coal
M olecu la r
Weight
y r i d i n e  115 0 
. ( 1 1 6 )
y r i d i n e  115 C 
(1 1 7 )
enzene 275 0 
(.1 1 8 )
r e s s u r e  f l u i d  
a r b .  (N2)
(1 0 9 )
teaming c o a l  
50° C
( 110)
as  e x t r a c t i o n  
50°C
Coal
E x t r a c t
Res idue
Coal
E x t r a c t
Res idue
Coal
E x t r a c t
Residue
Coal
E x t r a c t
Res idue
Coal
E x t r a c t
Res idue
Coal
E x t r a c t
Residue
Coal
E x t r a c t
Residue
20
80
14 .2
6 .3
18 . 0 -
13 .0
8o„4
9 .9
8o.8
17.7
77 .4
82 .9
8 0 .5  
80 .8
79 .3
75 .2
78 .3
87 .6
8 3 .9
85 .5
8 4 . ?
86 .4
8 1 .9
81 .5
84 .2
81 .4
77 .5
85 .9
8 2 .6
84 .2
86 .7
5 . 6  
6.1
5 . 2
5 . 3
6 .0
5 . 3
5 . 4
7.1
5 .6  
6 .3
5 . 2
4 . 9
7 .7  
4 . 0
5 . 0
7 . 7
3 .8
5 . 0
6 .7
3 .8
8 .5
10.6
10.4
12 .7
16 .4
13.8
6.1
5*7
6.0
10.8
8 . 5
9 .4
9 .2  
6.6
6 .3
1 .24  
1.10 
1 .30
1.25
1 .05  
1 .23
1.35 
0 .99
1.54  
1. 12  
1.68
1.41
0 .89
1.78
1 .36  
0 .84  
1.88
1.38
1.05  
1 .90
0 .89
1.05
0 .84
0 .98
0 .73
o:73
o
1.09.
0 .63
1 . 26 .
0 .62
1.38
O.76
1 .37 '
560-600
E t h a n o l  i n s o l
<650
333
Table 39* S ie v e  A n a ly ses  o f  C oa ls
P e r c e n ta g e  r e t a i n e d  
on s c r e e n -72  s i z e Nom. - J "
i n . - 6 .3
10 B .S .S . - 42 .8
30 B .S .S . - 33*3
60 B .S .S . - 9 . 0
■/ 120 B .S .S . 36 .9 4 . 6
200 B .S .S . 21 .9 . -
240 BoS . S . 8.1 2 o4
300 B .S .S . 5 o0 )
j 1 .6350 B .S .S . 3 . 6
-350 B .S .S . 24 .5 ) ■
APPENDIX 2
Sam ple C a l c u l a t i o n s
C a l c u l a t i o n  o f  Gas P h a s e s  C o n c e n t r a t i o n s  o f  N a p h t h a l e n e  i n  
E t h y l e n e .  ( U n i t  One)
W ork ing  t e m p e r a t u r e :  45°C
W ork ing  p r e s s u r e :  2070 p . s . i . g .
N a p h t h a l e n e  r e c o v e r e d :
6
W eigh t  i n  o u t l e t  t o  v a l v e  V'j -| 0 . 5 7
W eigh t  i n  c o n d e n s e r  1 3*25
W eigh t  i n  c o n d e n s e r  2 0 . 0 9
W eigh t  i n  c o n d e n s e r s  3 + 4  0 . 0 0
j . ----
3 .91  = 0 . 0 3 0 5  mole
T h i s  m a t e r i a l  was r e c o v e r e d  by d e c o m p r e s s i n g  100 ml o f  c o m p r e s s e d
g a s .
#
. . c o n c e n t r a t i o n  n a p h t h a l e n e  i n  e t h y l e n e  = 3 9 . 1  g / l i t r e
3Volume o f  e t h y l e n e  c o l l e c t e d  = 0 .96  f t
A tm o s p h e r i c  t e m p e r a t u r e  = 81°F
A tm o s p h e r i c  p r e s s u r e  -  773 mm Hg
. . vo lume e t h y l e n e  a t  NTP = 2 5 . 2  l i t r e s
= 1 . 1 2 5  m o le s
. . mole % n a p h t h l e n e  = 2 .6 5
C a l c u l a t i o n  o f  Gas P h a se  C o n c e n t r a t i o n  o f  Tar i n  E t h y l e n e  and
D egree  o f  S t r i p p i n g  o f  R e s i d u e .  ( U n i t  One)
Work ing  t e m p e r a t u r e :  75°G
W orking  p r e s s u r e :  3000 p . s . i . g .
T a r  r e c o v e r e d :
g
W eigh t  i n  o u t l e t  t o  v a l v e  V ^  < 0 . 2 9
W eigh t  i n  c a t c h p o t  2 . 4 2
W eigh t  i n  c o n d e n s e r  1 0 . 0 9
W eigh t  i n  c o n d e n s e r  2 0 . 0 0
2 .8 0
T h i s  m a t e r i a l  was r e c o v e r e d  by d e c o m p r e s s i n g  100 ml o f  c o m p re s s  
g a s .
. . g a s  p h a s e  c o n c e n t r a t i o n ,  vo lume b a s i s  2 8 .0  g / l i t r e
3
Volume o f  e t h y l e n e  c o l l e c t e d  = 0 . 9 5  f t
A tm o s p h e r i c  t e m p e r a t u r e  = 68° F
A tm o s p h e r i c  p r e s s u r e  = 7&5 mm Hg
volume o f  e t h y l e n e  a t  N . T . P .  = 25*3 l i t r e s
. * .  w e i g h t  o f  e t h y l e n e  = 3 1 .6 0  g
. . . g a s  p h a s e  c o n c e n t r a t i o n  = 8 . 1% w/w
The c a l c u l a t i o n  o f  t h e  d e g r e e  o f  s t r i p p i n g  o f  t h e  t a r ,  x ,
i s  a s  f o l l o w s :
1.  I n i t i a l  w e i g h t  o f  t a r  (Mo),  g 6 9 1 . 5
2 .  T o t a l  p r e v i o u s  e x t r a c t s  (V £ y j_ ) g  1 2 . 4
3 .  T a r  h e l d  i n  g a s  p h a s e ,  g p
k . T a r  i n  l i q u i d  p h a s e ,  g 6 9 1 .3  -  (p + 1 2 . V)
5. D e n s i t y  o f  l i q u i d  p h a s e ,  g /m l d
6 . Volume o f  t a r  p h a s e ,  ml (679 -  p ) / d
7. T o t a l  r e a c t o r  v o lu m e ,  ml 2330
8 . F r e e  volume ( g a s  p h a s e )  ml 2350 -  (679  -  p ) / d
9 . E x t r a c t  c o n c e n t r a t i o n ,  g /m l 0 .0 2 8
1 0 . W eigh t  o f  t a r  i n  g a s  p h a s e ,  g 0 .0 2 8  2330  -  (679  -  p ) / d
From e q u a t i o n s  3 and  1 0 ;
p = (2350  d -  6 7 9 ) ,
7 ( 3 5 .8  d -  1 ) 
d e g r e e  o f  s t r i p p i n g ,  x = 12 * P 100%
6 9 1 . 5
I t  w i l l  be  s e e n  t h a t  i n  o r d e r  t o  e s t i m a t e  p ,  a  k n o w le d g e  o f  
t h e  d e n s i t y  o f  t h e  l i q u i d  t a r  p h a s e ,  d ,  i s  r e q u i r e d .  The d e n s i t y  
o f  a  n o r m a l  h i g h  t e m p e r a t u r e  coke  o v e n  t a r  i s  a b o u t  1 .2  g /m l  
w h ich  i n c r e a s e s  t o  a b o u t  1 . 3  g / m l  when t h e  t a r  h a s  b e e n  s t r i p p e d  
t o  a  p i t c h .  I f  a  d e n s i t y  o f  1 . 2 3  g / m l  i s  u s e d  t h e  d e g r e e  o f  
s t r i p p i n g  o f  t h e  t a r  i s  9-2%. However,  t h e  d e n s i t y  o f  t h e  l i q u i d  
p h a s e  w i l l  be  l e s s  t h a n  1 .2 3  g /m l  s i n c e  i t  c o n t a i n s  d i s s o l v e d  
e t h y l e n e .  F or  t h i s  r e a s o n  a d e n s i t y  o f  1 . 0 0  g / m l  h a s  b e e n  
assum ed  w h ich  r e s u l t s  i n  a  d e g r e e  o f  s t r i p p i n g  o f  8 , 2 %  s h o w in g  
t h e  e f f e c t  o f  t h i s  f a c t o r  t o  be  s m a l l .
C a l c u l a t i o n  o f  Gas P h ase  C o n c e n t r a t i o n  o f  e x t r a c t  and D egree  o f
S t r i p p i n g  o f  R e s i d u e .  ( U n i t  Two)
A t y p i c a l  exam ple  f o r  t h e  e x t r a c t i o n  o f  c o a l  t a r  p i t c h  w i t h  
a c e t o n e  a t  250°C i s :  * •
W eigh t  o f  s o l u t i o n  c o n d e n s e d  = 9 . 7 5 ^  g
W eigh t  o f  p i t c h  r e c o v e r e d  f rom s o l u t i o n  = 0 . 3 9 7  g
. . c o n c e n t r a t i o n  o f  t a r  i n  g a s  p h a s e  = ^-.1% w/w
The d e g r e e  o f  s t r i p p i n g  i s  b a s e d  on t h e  f o l l o w i n g  
c a l c u l a t i o n :
From F i g u r e  21 a t  250°C and  1500 p . s . i . g .  t h e  g a s  p h a s e  d e n s i t y  
i s  0 .5 7 5  g / m l .
1.  O r i g i n a l  c h a r g e  o f  p i t c h ,  g
2 .  P r e v i o u s  e x t r a c t s ,  g
3 .  Volume o f  g a s  p h a s e ,  ml 
A-. . T o t a l  volume o f  a u t o c l a v e ,  ml
5 .  Mass o f  g a s  p h a s e ,  g
6 . Mass o f  p i t c h  i n  g a s  p h a s e ,  g
7 .  Mass o f  p i t c h  i n  l i q u i d  p h a s e ,  g
8 . Volume o f  p i t c h  i n  l i q u i d  p h a s e ,  
m l ,  ( a s s u m i n g  d e n s i t y  1 .0  g / m l )
9 .  Volume o f  g a s  p h a s e ,  ml
E q u a t i n g  l i n e s  3 and  9*
V / = 360 -  2 9 . 9 7  + 0 . 5 7 5  V x 0 .0 ^ 1
. . V 1 = 330 = 338  ml
0 . 9 7 6
. . Mass p i t c h  i n  g a s  p h a s e  = 338 x 0 . 5 7 5  x O.O^fl g
= 7 . 9 7  g
7.97T h e r e f o r e  d e g r e e  o f  s t r i p p i n g  o f  s u b s t r a t e  = = 26 .5%
2 9 . 9 7
2 9 . 9 7  -
0.00
/
V
360
0.575 v '
0 . 5 7 5  X v ' x  0 . 0 ^ 1
2 9 . 9 7  -  0 . 5 7 5  x V x O . O ' f l
2 9 . 9 7  - 0 . 5 7 5 x V x O . 0^1
r
360 -  ( 2 9 . 9 7  -  0 . 5 7 5  x V x  0 . 0 ^ 1 )
APPENDIX 3
C a l c u l a t i o n  o f  P a r t i t i o n  C o e f f i c i e n t s
The p a r t i t i o n  c o e f f i c i e n t s  w h ich  have  b e e n  c a l c u l a t e d  f o r
b a t c h  e x t r a c t i o n s  i n  t h e  10 l i t r e  a u t o c l a v e  s y s t e m  d e f i n e d  a s :
P a r t i t i o n  c o e f f i c i e n t ,  Q< = ^ / , TWs
w here  Wg = c o n c e n t r a t i o n  o f  e x t r a c t  i n  g a s  p h a s e
(%  by  w e i g h t )  a s  r e c o v e r e d .
Ws = c o n c e n t r a t i o n  o f  p o t e n t i a l l y  e x t r a c t a b l e
m a t e r i a l  r e m a i n i n g  i n  t h e  i n s o l u b l e  r e s i d u e  
(%  by  w e i g h t ) .
1. E x t r a c t i o n  o f  ' H y d r o g e n - D o n o r 1 D i g e s t s
The c a l c u l a t i o n  a s s u m e s  t h a t  a l l  t h e  e x t r a c t a b l e  m a t e r i a l  i s  
a v a i l a b l e  when t h e  s y s t e m  r e a c h e s  e q u i l i b r i u m  d u r i n g  t h e  i n i t i a l  
e x t r a c t i o n .  The t o t a l  amount o f  p o t e n t i a l l y  e x t r a c t a b l e  m a t e r i a l  
c a n  be  c a l c u l a t e d  by e x t r a p o l a t i n g  t h e  d a t a  shown i n  F i g u r e  28 .  
and  t h i s  v a l u e  c a n  be u s e d  t o  c a l c u l a t e  t h e  w e i g h t  o f  i n s o l u b l e  
m a t e r i a l  p r e s e n t . .
F o r  t h e  i n i t i a l  a c e t o n e  e x t r a c t i o n :
T o t a l  c o a l  m a t e r i a l  removed = 215 g •
E x c e s s  m a t e r i a l  a v a i l a b l e  by  e x t r a p o l a t i o n  = 31 g
. . t o t a l  e x t r a c t  a v a i l a b l e  = 2 -^6 g
R e c o v e r e d  r e s i d u e  . = 6 k k  g
•  .
. . i n s o l u b l e  r e s i d u e  = 613  g
A c e to n e  p r e s e n t  i n  g a s  p h a s e  = A626 g
rr 9 8 y
= % s  = = 0.088
1 k S .
^613
2 .  D i r e c t  E x t r a c t i o n  o f  Coal
F or  t h e  s i n g l e  s t a g e  e x t r a c t i o n s  a t  380°C a t  v a r y i n g  s o l v e n t  
t o  c o a l  r a t i o s  t h e  p o t e n t i a l l y  e x t r a c t a b l e  m a t e r i a l  c a n  be  
e s t i m a t e d  from t h e  e x t r a c t i o n s  c a r r i e d  o u t  a t  h i g h  s o l v e n t  t o  c o a l  
r a t i o s .  The i n s o l u b l e  r e s i d u e  c an  t h e n  be e s t i m a t e d  by s u b t r a c t i n g  
t h i s  v a l u e  and  t h e  g a s  and  w a t e r  y i e l d ,  e s t i m a t e d  f rom t h e  
e x h a u s t i v e  e x t r a c t i o n s  a t  38 0 °C, f rom t h e  d r y  c o a l  c h a r g e .  
P o t e n t i a l l y  e x t r a c t a b l e  m a t e r i a l  f rom F i g u r e  32 = 19*0% d . a . f .
= 1 8 . 3% d r y  c o a l
Y i e l d  g a s  and  w a t e r  = 5»^% d r y  c o a l
. . i n s o l u b l e  r e s i d u e  = 7 6 . 3% d r y  c o a l
F o r  t h e  e x t r a c t i o n  o f  1500 g c h a r g e  o f  Markham c o a l  a t  380°C 
Dry c o a l  c h a r g e  = 1380  g -
. . i n s o l u b l e  r e s i d u e  = 1060  g
and  e x t r a c t a b l e  m a t e r i a l  = 253  g
T o l u e n e  p r e s e n t  = 3^-61 g
1 2 0 /
• 3^61 ^  
o c  = _____1___  = 0 . 2 7
1 3 3 /
7 1060
The t o t a l  e x t r a c t  a v a i l a b l e  d u r i n g  e x h a u s t i v e  e x t r a c t i o n  a t  
380°C a s  shown by  F i g u r e  3^  i s  o n l y  j u s t  i n  e x c e s s  o f  17% d . a . f .  
a l t h o u g h  i t  mus t  be a s su m ed  t h a t  19% d . a . f .  was a v a i l a b l e  i n i t i a l l y  
and  d u r i n g  s u b s e q u e n t  e x t r a c t i o n s  p a r t  o f  t h i s  m a t e r i a l  became 
i n s o l u b l e .
F i g u r e  3 ^  i n d i c a t e s  t h a t  19% d . a . f .  e x t r a c t  i s  a v a i l a b l e  a t  
350°C and t h i s  v a l u e  and  t h e  g a s  and  w a t e r  y i e l d s  o b t a i n e d  d u r i n g  
t h e  e x h a u s t i v e  e x t r a c t i o n s  were u s e d  i n  t h e  c a l c u l a t i o n  o f  t h e  
p a r t i t i o n  c o e f f i c i e n t s  d u r i n g  e x t r a c t i o n s  a t  350°C.
C o e f f i c i e n t s  w ere  n o t  c a l c u l a t e d  f o r  e x t r a c t i o n s  a t  330°C 
s i n c e  a l t h o u g h  h i g h  y i e l d s  o f  e x t r a c t  w ere  u l t i m a t e l y  o b t a i n e d  
F i g u r e  3 ^  i n d i c a t e s  t h a t  t h e  r a t e  o f  r e l e a s e  was s l o w e r  t h a n  a t  
350  and  380 °C and  c o n s e q u e n t l y  t h e  a s s u m p t i o n  c a n n o t  be made t h a t  
a l l  t h e  p o t e n t i a l l y  e x t r a c t a b l e  m a t e r i a l  was a v a i l a b l e  a t  t h e  t i m e  
t h e  s y s t e m  was d e c o m p r e s s e d  d u r i n g  t h e  i n i t i a l  e x t r a c t i o n .
A P P E N D IX
Mass B a la n c e s  d u r in g  t h e  E x h a u s t i v e  E x t r a c t i o n s  o f  Markham
C o a l .  ( U n i t  T h r e e )
A mass  b a l a n c e  on t h e  t o l u e n e  was made f o r  e a c h  e x t r a c t i o n
by  c o m p a r in g  t h e  w e i g h t  o f  t o l u e n e  c h a r g e d  to  t h e  a u t o c l a v e  w i t h
t h e  w e i g h t  r e c o v e r e d  by  d i s t i l l a t i o n ,  a f t e r  c o r r e c t i n g  f o r
t ht o l u e n e  r e m a i n i n g  i n  t h e  r e s i d u e .  Thus  f o r  t h e  n s t a g e :
T + t  y. = D + t  + Lm . . .  . . .  . . .  (1 )n n -1  n n Tn
w here  i s  t h e  l o s s  o f  t o l u e n e  and  t h e  o t h e r  s y m b o ls  a r e
d e f i n e d  i n  F i g u r e  J>6.
A mass  b a l a n c e  on t h e  c o a l  i n  ea c h  e x t r a c t i o n  gave  r i s e  t o
t h e  f o l l o w i n g  e q u a t i o n :
( R - M - t )  . = ( R - t )  + E +- W + G  + I t  ( 2 )n -1  n n n n e n
w here  L i s  l o s s  o f  c o a l - b a s e d  m a t e r i a l ,  c
The l o s s e s  d u r i n g  e x t r a c t i o n ,  Lg,  and  d u r i n g  d i s t i l l a t i o n ,
L^,  were  c a l c u l a t e d  from t h e  f o l l o w i n g  e q u a t i o n s :
(R -  M) „ + T = R + G + S + . . .  ( 3 )n-1 n n n n En
S = E + W + D + . . .  . . .  . . .n n n n Dn
The v a l u e s  o f  , L^ , , and  a r e  g i v e n  i n  T a b l e  3 0 ,
n n n n
t o g e t h e r  w i t h  t h e  com bined  l o s s e s  f rom t h e  s u c c e s s i v e  e x t r a c t i o n s ,
APPENDIX 3
A n a l y t i c a l  T e c h n iq u e s
The a n a l y s e s  c a r r i e d  o u t  on f e e d  m a t e r i a l s  and  e x t r a c t i o n  
p r o d u c t s  a r e  d e f i n e d  b e l o w :  >
1.  U l t i m a t e  e l e m e n t a l  a n a l y s i s
C a r b o n /H y d ro g e n  -  I n g r a m s  s e m i - m i c r o  c a r b o n  h y d r o g e n
d e t e r m i n a t i o n .  J o u r n .  Soc.  Chem and 
I n d u s t r y ,  6 l_, 112 ,  0 9 ^ 2 ) .
Oxygen -  D e t e r m i n a t i o n  o f  oxygen .  I n t e r n a t i o n a l
S t a n d a r d s  O r g a n i s a t i o n  r e c o m m e n d a t io n  R199^t, 
November 1971*
N i t r o g e n  -  D e t e r m i n a t i o n  o f  n i t r o g e n  i n  o r g a n i c  com pounds .
J o u r n .  Pharm and  P h a r m a c o l ,  3?- 829 ,  ( '1951)*
S u l p h u r / C h l o r i n e /
Carbon  D io x i d e  -  U l t i m a t e  a n a l y s i s  o f  c o a l  B . S .  1016,  P a r t  6 ,
( 1 9 6 9 ) .
2 .  P r o x i m a t e  a n a l y s i s
B .S .  1016,  P a r t  3 ,  0 9 6 5 ) .
3 .  Gray  King  A ssay
F u e l  R e s e a r c h  P a p e r  No. b k .  
b .  Gas A n a l y s i s
U s i n g  F i s c h e r  Gas P a r t i t i o n e r  Model  25V.
5 .  G a s - L i q u i d  C h ro m a to g ra p h y
U s i n g  a  V a r i a n  A e r o g r a p h  1520 w i t h  a  3% S.E . 3 0 ,  20 f o o t  
co lumn and  i n c o r p o r a t i n g  a  f l a m e  i o n i s a t i o n  d e t e c t o r .  T e m p e r a t u r e  
programmed f rom 100 to  250°C a t  2 ° C / m i n u t e .
C ok ing  v a l u e s
A lc a n  Coking  T e s t  -  Aluminium L a b o r a t o r i e s  L t d .
A rv id a ,  S t a n d a r d  Method ^ 9 6 -  5 6 .
S o f t e n i n g  P o i n t s  (R & B  °C)
S t a n d a r d  Methods  f o r  T e s t i n g  T a r  and  i t s  P r o d u c t s  p . 510 ( 1 9 6 7 ) 
P i n g  and  B a l l  T e s t  PT 3 “ 6 7 .
I n s o l u b l e  M a t e r i a l  ( i n  A c e t o n e ,  T . H . F . ,  T o l u e n e )
S t a n d a r d  Methods  f o r  T e s t i n g  T a r  and  i t s  P r o d u c t s ,  p . 522 ( 1 9 6 7 ) 
The s t a n d a r d  me thod  f o r  t o l u e n e  (PT 7 - 6 7 )  was a d o p t e d  w i t h  
t h e  a p p r o p r i a t e  a d j u s t m e n t  t o  t h e  w o rk in g  t e m p e r a t u r e  when 
u s i n g  o t h e r  s o l v e n t s .
M o l e c u l a r  W e i g h t s
D e t e r m i n a t i o n s  w ere  made u s i n g  an  H i t a c h i  P e k i n - E l m e r  
(Model  115) I s o p i e s t i c  M o l e c u l a r  w e i g h t  a p p a r a t u s  u s i n g  
t e t r a h y d r o f u r a n  a s  s o l v e n t  a t  35°C .
S i e v e  A n a l y s e s
T hese  were  c a r r i e d  o u t  u s i n g  B r i t i s h  S t a n d a r d  s i e v e s  a l t h o u g h  
t h e  s t a n d a r d  s i e v i n g  t e c h n i q u e  a d o p t e d  was n o t  t o  B r i t i s h  
S t a n d a r d .
APPENDIX 6
The s o u r c e s  and  d e s c r i p t i o n s  o f  a l l  m a t e r i a l s  u s e d ,  s o l v e n t s  
and. s u b s t r a t e s  a r e  g i v e n  b e l o w .  C r i t i c a l  d a t a  f o r  t h e  s o l v e n t s  
and  u l t i m a t e  a n a l y s e s  o f  t h e  s u b s t r a t e s  i s  r e p o r t e d  i n  t h e  t e x t .  
SOLVENTS
S o l v e n t S o u rc e Grade
E t h y l e n e B. O. C. c 2h A
co„
CO
H2
CH
0 .
N.
if
98 . 23%
0.27%
0 . 066%
0 . 0 9 9
0 .0 2 8
0 .1if
1 .1 6 9
A ce to n e H/W A n a l a r 95% b o i l i n g  b e tw e e n  5 6 .0  and  5 6 . 5 ° 0
T . H . F . K/L P u r i s s >> 99% by g . l . c .
T o lu e n e H/W A n a l a r 9 9 .5 % ,  92% b o i l i n g  w i t h i n  0 . if °C
b e tw e e n  1 1 0 - 1 1 1  C
P y r i d i n e  H/W A n a l a r  ^  99*5%! 95% b o i l i n g  b e t w e e n  11^f
116 C
o - x y l e n e  H/W A n a l a r  99% / 95% b o i l i n g  b e t w e e n  1^f2
1^5 C '
B.O.C. -  B r i t i s h  Oxygen Company
H/W -  Hopkins & W il l i am s
K/L -  Koch L i g h t
SUBSTRATES
Naphthalene Purified general purpose reagent, melting
p o i n t  79 -  8 3 ° C. S u l p h a t e d  a s h  0 .05% max.
C o a l  T a r  Crude  h i g h  t e m p e r a t u r e  coke  ov en  t a r  o b t a i n e d
from Avenue ( M i d la n d s  R e g io n )  NCB T a r  P l a n t .  
D e h y d r a t e d  a c c o r d i n g  t o  method 7-67* P . 125* 
S t a n d a r d  m e th o d s  f o r  t e s t i n g  t a r  and  i t s  
p r o d u c t s  ( 1 9 6 7 )*
C oa l  T a r  P i t c h  C om m erc ia l  g r a d e  (80  r & b  °C) p i t c h  o b t a i n e d
from Avenue ( M i d l a n d s  R e g io n )  NCB T a r  P l a n t .
C o a l  E x t r a c t  T h i s  was p r e p a r e d  by  d i g e s t i n g  Markham C o a l
(C .R .C .  802) i n  t e t r a l i n  ( e x  Koch L i g h t  
L a b o r a t o r i e s  -  Minimum A ss ay  96%) i n  a  1 - l i t r e  
c a p a c i t y  s t i r r e d  a u t o c l a v e  f o r  1 h o u r  a t  ^-00° C 
u n d e r  an  a u t o g e n o u s  p r e s s u r e  o f  30  a t m o s p h e r e s .  
The r e s u l t i n g  d i g e s t  was f i l t e r e d  t h r o u g h  a 
g l a s s - f i b r e  p a p e r  on a H a r t l e y  f u n n e l .
S o l v e n t  was removed  from t h e  f i l t r a t e  by  d i s t i l  
d i s t i l l a t i o n  a t  350°C and 10 mm Hg p r e s s u r e  
y i e l d i n g  t h e  c o a l  e x t r a c t  m a t e r i a l .
COALS
C oal  Rank C l a s s i f i c a t i o n  ( C . R . C . ) M i n e / A r e a
201 Tredomen
502 K i l n h u r s t
602 C o d e ly
702 N o t t i n g h a m
802 Markham Main
902 N o t t i n g h a m
NOMENCLATURE 
partition coefficient
first, second or third virial coefficients
\
’ ^1112 ” first, second or third cross virial coeffic
gas phase concentration of solute in compressed 
gas, g/litre „
gas phase concentration of solute at atmospheric 
pressure, g/litre
gas phase activity of component i 
liquid phase activity of component i 
fugacity of component i in the vapour mixture
fugacity of pure component i
fugacity of component i in the liquid mixture
fugacity of pure component i
- molecular weight
number of moleeu-Les
total system pressure
vapour pressure pure component i
partial vapour pressure component i
gas constant 
system temperature 
melting point, °K 
critical temperature, °K 
reduced temperature
system volume 
critical volume
\
molar volume gas phase solution 
molar volume in liquid phase 
molar volume in gas phase 
molar volume in solid phase
critical volume of mix^re of components 1 & 
acentric factor
mole fraction of component i in liquid phase
mole fraction of component i in gas phase
compressibility factor
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